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(125-255  m)  night-time  layers.  The  common  fishes  with  gas-filled  swimbladders 
in  shallow  (0-80  m)  night-time  layers  were  D.  theta,  Stenohrachi us  leucopsarus 
(<35mm) ,  Tarletonbeania  crenuLaris,  Symbolophorus  californiensis  and 
Engraulis  mordax. 

Arcer  estimates  of  distributions  of  bubble  radii  were  similar  for  deep 
day  and  deep  night  scattering  layers,  but  a  wider  range  of  bubble  sizes 
existed  in  shallow  night-time  layers  than  in  deep  day  and  deep  night  layers. 

A  model  which  considered  species-specific  parameters  of  morphology, 
physiology  and  behavior  provided  estimations  of  the  distributions  of  swim- 
bladder  radii  that  most  closely  matched  the  acoustically  estimated  distributions 
of  bubble  radii.  Comparisons  of  acoustic  data  and  net  catch  data  indicate 
that  myctophids  with  gas-filled  swimbladders  may  maintain  swimbladder  volume 
at  a  level  below  that  required  for  neutral  buoyancy.  Furthermore,  there  is 
some  evidence  suggesting  that  large  myctophids  maintain  a  constant  swimbladder 
volume  during  vertical  migrations,  but  at  volumes  that  result  in  negative 
buoyancy;  smaller  myctophids  may  maintain  a  constant  swimbladder  mass  during 
vertical  migration. 
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clear  separation  of  the  first  three  coastal  trapped  wave  modes  over  the  range  of 
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The  current*  observed  over  the  <f>eU  and  dope  during  the  Auftraban  Consul  Experiment  (ACE)  are  toed  to 
— *BjT«t*CT  rc«  determine  the  aaphtadea  (as  functions  of  time)  of  the  fint  three  coastal-trapped  wave  (CTW)  modes  at  three 

locabona  atoog  the  southeast  coast  of  Australia.  A  suosocal  “eddy"  mode  is  included  to  minimize  contaminahoo 
of  the  consul-trapped  wave  currents  from  East  Australian  Current  eddies.  The  first  three  CTW  inodes  account 
for  about  fi5%  of  the  observed  variance  in  the  afongshelf  currents  on  the  sbdf  and  slope  at  Cape  Howe,  about 
40%  at  Sunwell  Part,  but  only  about  24%  at  Newcastle.  Currents  associated  with  the  East  Australian  Current 
dominate  the  observations  offshore  from  Newcastle.  CTWs  account  for  all  but  10%,  37%  and  27%  of  the  currents 
observed  at  the  most  nearshore  locations  on  the  shelf  at  Cape  Howe,  Stan  well  Part  and  Newcastle.  The  first 
two  coastal-trapped  wave  modes  propagate  at  dose  to  the  appropriate  theoretical  phase  speeds,  but  the  third 
coastal-trapped  wave  mode  and  the  eddy  mode  are  not  coherent  between  the  three  current  meter  sections  along 
the  coast  Surprisingly,  mode  2  carries  a  greater  fraction  of  the  consul- trapped  wave  energy  than  does  mode  I 
at  two  of  the  sections  Modes  I  and  2  are  ooberent  with  each  other  at  the  95%  rignificance  level.  The  aigfor 
energy  source  for  the  CTWs  is  upstream  (in  the  CTW  sense)  of  the  first  line  of  current  meters. 
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20.  ABSTRACT  fCcNllMM  m  f«r«M  «M«  If  mocomoocy  awl  llwMlff  Or  MmI  wumAmJ 

In  an  effort  lo  neuuiv  currenl  then  very  near  (lie  tea  surface  a  string  of  vector -measuring  current 
meters  suspended  beneath  a  surface  float  was  deployed  1»0  km  off  southern  California  at  34*N  I2I*KTW 
on  November  26.  1981  and  allowed  to  drift  freely  for  over  6  days.  This  arrangement,  which  we  call  the 
current  meter  drifter  (CMD).  gave  measurements  at  depths  of  2  5.  5.5,  8.5.  11.5.  14  5.  25.  and  63  m 
During  the  first  two  days,  when  the  winds  were  light  ( —  8  m/s)  and  variable  in  direction,  a  nearly  uniform 
currenl  shear  was  observed  in  the  upper  15  m  with  a  low-frequency  velocity  difference  of  5  cm/s  between 
the  instruments  at  2-5  and  14.5  «n.  During  the  last  four  days,  when  the  winds  were  bosk  (>  12  m/s)  and 
steady  in  direction  horn  the  NNW,  a  strong  downwind  shear  of  order  10 * 1  •  * 1  was  observed  in  the 
upper  10  m  with  a  velocity  difference  of  —  7  cm/s  between  the  instruments  at  2.5  and  8.3  m  During  this 
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20  ABSTRACT  (Continue  on  rovoeoo  oido  it  nocoooory  mnd  Identity  by  block  numbmr) 

Using  emperical  observations,  it  is  shown  that  the  available  potential  energy 
of  fluctuations  (the  APE1-')  is  proportional  to  the  product  of  the  Cox  number 
C'x,  the  local  buoyancy  frequency  N,  and  the  molecular  diffusivity  of  temperature 
D.  lhe  nondimensional  number  CpC=APId'/ (ND)  is  shown  to  be  a  good  predictor  of 
the  C.ox  number  and  can  be  used  as  an  indicator  of  mixing  in  stratified  fluids. 
Analysis  of  the  Al'LF  at  ocean  station  P  shows  that  turbulence  in  the  seasonal 
thermocline  responds  to  strong  surface  forcing. 
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20.  ABSTRACT  (C*nllnw«  *n  «ld*  II  *rvd  I4«fi(«r  !<•<* 

A  layered  model  of  the  steady  circulation  in  the  South  Pacific  Ocean  ts  constructed  along  the  lines  of  Luyten. 
Podlosky  and  Stommel.  and  driven  by  the  mean  annual  wind  stress  distributions  computed  by  Hdlennan  and 
Roaenstem.  The  results  of  the  model  agree  quite  well  with  published  maps  of  topography  of  density  surfaces 
and  circulation  Best  agreement  a  found  in  the  deeper  layers.  The  deepest  modeled  layer,  of  density  range  26.90 
<  «.  <  27.30,  which  contains  the  core  layer  of  the  Antarctic  Intermediate  Water,  transports  northwards  some 
14  Sv  (I  Sv  «  Iff  m‘  s')  between  New  Zealand  and  South  America.  Of  this,  about  three  quarters  comes  from 
the  west  in  an  intense  zona)  jet  that  rounds  the  southern  tip  of  New  Zealand  and  quickly  Ians  out  from  the 
boundary  current  along  tboae  islands  into  the  anucydomc  gyre.  Some  5  Sv  returns  southwards  tn  the  Australian 
boundary  current  Much  of  the  tnhcycfonic  gyre  in  the  western  South  Pacific  u  taken  up  by  a  shadow  zone 
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formed  in  (be  shelter  of  New  7— i-~i  where  (be  lutmuri  foyer  foies  direct  coated  with  the  wind  driving, 
ted  where  uniform  potential  vortrdty  is  populated.  The  modeled  circulation  in  the  shallowest  foyer  in  tropical 
regions  is  considerably  weaker  than  the  obeerved  dreufoboo 

Transport  in  the  New  7rafond  western  boundary  current  is  determined  by  the  necessity  to  achieve  the  same 
pressure  10  cadi  layer  at  the  northern  end  of  the  islands  as  at  the  southern.  Similar  consider* boos  applied  to 
the  fondmass  of  Australia  and  Papua-New  Guinea,  regarded  as  i«ntau«t  from  Southeast  Asia,  suggest  a  considerable 
net  northward  transport  between  Australia  and  South  America,  which  can  only  escape  through  the  Indonesian 
passages  The  distribution  of  this  transport  among  foyers  is  set  in  the  model  by  the  input  conditions  at  the 
southern  boundary  (where  much  of  it  must  be  in  the  deeper  foyers),  after  which  it  cannot  change  because  of 
mass  conservation  within  each  layer  (i.e..  no  cross-isopycnal  flu*  is  allowed).  This  modeling  assumption  is  too 
strict  and  may  be  the  reason  for  the  prediction  of  shallow  circulations  much  weaker  than  observed 
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20.  ABSTRACT  (Conflnuo  on  r***r*m  rid*  It  noc***ory  ond  Identity  by  block  numb*r) 

The  Australian  Coastal  Expenment  (ACE)  was  designed  to  test  coastal-trapped  wave  (CTW)  theory  and  the 
generation  of  coastal-trapped  waves  by  the  wind.  For  the  ACE  dataset  we  use  CTW  theory  to  attempt  to 
hindcast  the  observed  alongshdf  currents  and  coastal  sea  levels  at  locations  remote  from  the  upstream  (in  the 
CTW  sense)  boundary  of  the  ACE  region.  Local  (in  the  ACE  region)  wind  forcing  is  responsible  for  only  about 
a  quarter  of  the  CTW  energy  flux  at  Stanwell  Park  (the  center  of  the  ACE  region),  and  the  remainder  enters 
the  ACE  region  from  the  south  and  propagates  northward  through  the  ACE  region.  Including  the  second-mode 
CTW  improves  the  correlation  between  the  hindcast  and  the  observed  near-bottom  currents  on  the  upper  slope 
at  Stanwell  Park,  but  the  use  of  the  third-mode  CTW  cannot  be  justified.  A  linear  bottom  drag  coefficient  of 
r  =  2.5  x  10  ‘ms  1  works  better  than  a  larger  drag  coefficient,  and  simplifying  the  CTW  equations  by  assuming 
the  modes  are  uncoupled  does  not  detract  from  the  quality  of  the  hindcasts.  The  hindcast  and  observed  coastal 
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tea  levels  aic  conebaed  at  greater  than  the  99%  significance  level.  For  the  neanhore  locations  at  StanweO  Park, 
the  hindcast  and  observed  akmgshdf  currents  are  correlated  at  greater  than  the  99%  significance  level,  and  the 
CTW  model  caa  account  for  about  40%  of  the  obaerved  variance.  On  the  shelf  at  Stanwdl  Park,  we  6nd  the 
hi  ndcasts  agree  with  the  observations  only  if  direct  wind  forcing  within  the  ACE  region  and  the  correct  (nonzero) 
upstream  boundary  conditions  are  included.  However,  even  after  attempting  to  remove  the  effects  of  the  eddies 
and  the  East  Australian  Current,  the  CTW  model  is  not  useful  for  predicting  the  currents  on  the  slope  at  Sun  well 
Park  and  on  the  shelf  and  slope  at  Newcastle  (the  northern  boundary  of  the  ACE  region).  The  currents  at  these 
locatioos  are  dominated  by  the  effect  of  the  East  Australian  Current  and  its  eddies. 
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ABSTRACT  f Cb*UIavb  «i 


mm*y  Utility  4 y  block  tmmbmtf 


M»cro*injcturc  profiles  of  temper* lure,  conductivity,  and  velocity  shear  during  the  Arctic  Internal 
Wave  Ex  penmen!  (AIWEX)  in  March-ApriJ  1985  in  the  Beaufort  Sea  are  used  to  investigate  the  therm  o- 
dynamic  processes  in  a  diffusive  ibcnnobalioc  staircase.  The  staircase  occurs  between  depths  of  about 
320  and  430  m,  above  the  core  of  the  relatively  warm,  salty  Atlantic  water,  where  the  mean  temperature 
and  salinity  are  increasing  with  depth.  Individual  isothermal  layers  can  be  tracked  for  at  least  several 
hours,  suggesting  a  horizontal  length  scale  of  several  hundred  meters  or  more,  assuming  a  typical  relative 
velocity  of  0.01  ms  1  at  this  time.  Over  the  depth  range  320-430  m  the  mean  (average  over  several  steps) 
density  ratio  <K,)  -  0<S,>/a<T,>  vanes  between  4  and  6,  while  the  typical  temperature  difference 
between  layers  decreases  from  0.012°  to  0.004*C.  The  mean  thickness  of  the  layers  also  varies,  from  I  m 
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at  320  m  depth  to  2  m  at  430  m.  The  rdabooship  proposed  by  Kelley  (1984}.  relating  layer  height  to 
<N3).  <A,\  and  molecular  properties  of  the  fluid,  overestimates  the  mean  layer  thickness  by  about  a 
(actor  of  2.  The  variability  of  staircase  characteristics  suggests  that  oceanic  staircases  may  rarely,  if  ever, 
be  steady  state,  but  in  general  be  slowly  evolving  from  previous  perturbations.  Heal  fluxes  estimated 
from  laboratory-based  flux  laws,  involving  R f  and  AT,  are  in  the  range  0.02  <  F„  <  0.1  W  m "  \  which  is 
in  agreement  with  the  molecular  beat  fluxes  through  the  maximum  interfacul  temperature  gradients 
There  are  no  interfaces  where  the  kinetic  energy  dissipation  rate  (averaged  over  0.5  m)  exceeds  the  lower 
limit  for  diapycnal  mixing.  24.5vNa. 
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Imaging  fault  slip  using  teleseismic  waveforms: 
analysis  of  a  typical  incomplete  tomography  problem 
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Summary ■.  Several  impi'itam  geophysical  imaging  problems  van  lie  east  m  the 
toim  ft  i lie  classic  tomography  problem.  ill  which  a  function  ol  two  variables 
is  reconstructed  trom  its  pmieetion  along  a  sel  of  straight  lines.  Howevei. 
geophysical  imaging  problems  lend  to  he  incomplete;  some  of  the  straight 
lines  pioiection  paths  ate  missing  liom  the  data.  A  typical  example  is  the 
piohlem  ot  imaging  the  slip  uie  as  a  luneiion  ot  position  and  time  along  a 
lone,  thin  lauli  plane  I  he  i.n  field  seismic  pulse  shape  is  a  projection  of  the 
unit  \  slip  :.nc  t  uinti"!!.  However.  a  complete  suite  ol  lai  Held  observations 
does  not  spar  : he  .miiplcv  set  ot  possible  protection  lines.  Consequently  .  the 
exact  slip  •  lie  tnm'i  m  cann.'i  he  recovered  I umi  l he  data.  At  hesl.  only  a 
ttlteied  vetsior.  ol  it  ..air  he  leeoiist meted  I  Ills  1 1 1 1 e  1  is  not  completely  deter¬ 
mined  in  the  maiheiiu'i.s  ,n  ihe  piohlem.  and  can  therefore  he  optimized 
ro  yield  imaees  ol  i  lie  shp  me  i  It  it  have  good  icsolution. 


Introduction 

I omogiaphy  is  the  piocess  ol  reeonstmeting  images  (i  e  Umetioiis  ot  sevetal  \aiiahlesl  trom 
data  which  aie  related  to  the  images  by  line  integrals  Ihe  simplest  tomography  problem 
occurs  when  the  image  is  a  2!)  tunelion  mi  v.  r)  and  ihe  line  mlegrals  aie  along  straight 
lines  Ihe  data.,/,  aie  then  iclated  n>  ihe  nnaee  by  i lie  so-called  Radon  ir.mslorm: 

i/(v,  it  f  =  j  m(  \  cost)  u  sin  h.  s  sin  i)  +  K  eos  0  )  i/u  III 

where  each  datum  is  indexed  according  to  the  intercept .  s  and  angle,  o  of  its  corresponding 
pioiection  line.  Ihe  Radon  transform  is  known  to  have  a  unique  inverse,  as  long  as  every 
possible  (  v.  f> )  pan  is  measured  (see.  for  example.  Herman  chapter  2 ). 

In  actual  practice,  onlv  a  finite  number  ol  (v.  II)  pairs  can  he  measured.  This  limitation 
presents  no  special  problem  as  long  as  s  and  0  can  he  sampled  evenly  over  the  ranges  for 
which  c / ( v .  0)  is  non  zero.  In  this  ease  there  is  a  simple  relationship  between  the  sampling 
density  and  the  sharpness  ot  the  reconstructed  image.  A  much  more  serious  problem  arises 
when  </(\.  0)  can  he  sampled  only  within  some  limited  range  of  s  or  II.  Then  some  intor- 
malion  about  [lie  image  is  losl .  regardless  of  how  fine  the  sampling  density  might  he. 
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This  kind  of  incomplete  tomography  problem  arises  in  geophysics  for  several  reasons. 
Sometimes  the  incompleteness  is  due  to  poor  experimental  geometry.  For  example,  the 
seismic  velocity  in  the  Earth  can  be  imaged  by  using  the  travel  times  of  seismic  waves.  The 
line  integrals  in  the  tomography  problem  then  have  the  interpretation  of  travel-time  integrals 
along  ray-paths,  which  may  be  approximately  straight  lines.  Since  it  may  be  impossible  to 
place  seismographs  in  some  areas  (under  the  oceans,  deep  within  the  Earth,  etc.),  some  ray- 
paths  may  not  he  measured.  Sometimes  the  incompleteness  is  more  fundamental,  and  arises 
as  a  consequence  of  the  physics  of  the  problem.  The  problem  of  imaging  slip  on  a  fault  is 
one  example,  which  we  will  analyse  in  detail  below. 

Two  possible  actions  can  be  taken  when  the  data  needed  to  construct  an  image  are 
incomplete.  One  possible  approach  is  to  assume  'reasonable'  values  for  the  missing  infor¬ 
mation  (see.  for  example.  Se/an  &  Stark  l‘>X4:  Menke  |bX4a).  While  the  addition  of  this 
so-called  prior  information  enables  one  to  reconstruct  the  image,  the  image  mav  contain 
artefacts  if  the  assumptions  are  in  error.  A  different  approach  is  only  to  try  to  construct  a 
filtered  version  of  the  image,  where  the  filter  is  designed  to  remove  from  the  image  any 
information  that  cannot  be  observed.  This  is  the  approach  that  is  recommended  by  Backus  & 
Gilbeit  (  ll>~0).  who  pointed  out  that  it  has  the  advantage  of  producing  a  unique  recon¬ 
struction.  However,  it  is  often  difficult  to  find  a  filter  that  excludes  all  unmeasured  infor¬ 
mation  while  not  completely  scrambling  the  image.  As  shall  be  shown  below,  m  some 
incomplete  tomographs  problems  it  is  possible  ns  find  filters  that  lead  to  images  with 
reasonably  good  resolution. 

In  this  paper  we  concentrate  on  the  simplest  incomplete  tomography  problem:  one  where 
some  range  of  projection  line  slopes  is  missing  from  the  data.  As  we  shall  see.  this  problem 
has  a  simple  interpretation  in  teimsot  the  properties  of  the  Radon  transform.  Furtheimore. 
since  the  ray  coverage  is  spatially  (but  not  u/imuthally)  uniform,  the  resolving  power  of  the 
imaging  procedure  will  not  be  a  function  oi  position  ill  the  image.  More  complicated  types 
ot  incompleteness  octii; .  hut  genetally  must  he  explored  by  purely  numerical  methods  (see. 
for  example.  Easier.  New  &  Cjlderone  l'hxd;  Menke  |os4h| 


Imaging  fault  slip  as  a  tomographs  problem 

We  consider  the  problem  oi  determining  the  slip  rale  on  a  fault  using  tar  field  seismic  wave- 
bums.  Many  authors  have  recognized  that  this  inverse  ptohlem  is  incomplete  (see.  bn 
instance.  \ki  &  Richards  I'*. so.  chapter  14  li  Recently  several  authors  have  noted  that 
it  corresponds  to  a  tomography  problem  ( Spud ic li  &  Fta/ei  1'tss  Ruff  luss).  The  most 
general  form  ot  ibis  imaging  problem  is  .s.();  two  spatial  dimensions  on  the  fault  plane  and 
time  However,  we  will  simplify  the  ptohlem  to  two  dimensions,  by  assuming  that  the  fault 
is  long  and  thin  Ibis  simplification  is  made  so  that  the  essential  ideas  of  the  pioblem  can 
be  presented  without  the  mathematical  complications  that  arise  m  the  planar  fault  problem 
Nevertheless,  the  two  problems  are  completely  analogous  and  v.iffei  i he  same  kind  o' 
incompleteness,  except,  as  noted  below,  it  is  somewhat  worse  lot  the  plana:  laiili  case  than 
tor  the  linear  one 

fliar  this  imaging  problem  is  tomographic  in  nature  can  he  seen  from  the  equation 
relating  slip  rate  mix,  O  on  the  fault  plane  (the  image)  as  a  function  of  position,  v  and  time. 
t  to  the  tar  held  (Eiaunhoter  approximation)  pulse  shape  r/to.  r)  as  a  function  ot  recetvei 
angle.  0  and  time,  r  ( Aki  &  Richards  lo.so.  chapter  14.1). 

JiQ.  7)  =  i’  ml  v.  r  r„  i  +  v  cosO  r  ) i/.v  id) 

I  fault 
plane 


Imaging  fault  slip 

O  far  field 
/  observer 


fault 


rupture  direction,  x 


Figure  I.  Cieonurir\  of  t!u*  ! ,iuit  slip  problem.  Slip  on  (fie  f.tulr  induces  sewn  it  u  ives  ib.it  .ire  observed  j: 
a  d  i  st  a  lie  o  and  .mgle  o  from  the  fault  plane  I  he  imaging  problem  is  it'  au  on-arust  the  ‘.tub.  slip  rate  js 
a  function  of  position  and  time  from  !.»r  field  w.iveform  observations 
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higure  2.  1  he  slip  rate  >r  the  fault  :s  v-nmured  as  a  fuiKfi  -n  distance  v  and  'line  ;  1  hi'  function 

constitutes  flic  image  m  the  :»  im-wrapM'.  pr  d-lem  I  he  field  pulse  shape  o  the  p:«’U\  :i--n  ■  >?  !he  slip 

rate  al-  ne  pataiiei  pr.  ae. !  u>n  lines  whose  slope  is  ..  n':«  Ued  b\  ihe  angle  .'bserv  alior.  ;  and  the  seisinu 
velo.it>  t  \«  te  that  if  ’he  vehuif \  rupture  pr  »paea*ion  ulaslied  linei  o  slower  ’ban  the  pr  pagafi.-n 
velocifv  t:\pujiof  /'wave  .'Korv  ati  uisi.  then  the  maximum  sh-pe  •  **  the  p:.>uKti<-n  imes  is  less  than  the 
f\  pieai  trends  m  the  image.  Im.ice  turn  is  theret.  re  dittuulr 


where  r, ,  is  the  distance  between  ’he  fault  and  observe:  and  v  is  the  piopagaiion  \eiocit\  in 
t lie  medium  (Fig  1 1.  The  pulse  shape  is  related  ?«■  the  slip  t ate  in  a  line  internal  along  a 
straight  line,  i.e  a  Radon  transform  I  Fig  2)  The  intercept  ot  the  piojection  line  is  given 
b>  r  =  r  r„  c  and  its  slope  b\  Jt  Jx  =  cos(£)  c  While  all  possible  intercepts  can  ^e 
measured  b\  suitable  choosing  oi  the  observation  time.  r.  only  some  slopes  can  be  measured 

I  (.  s  Jr  Jx  '«  I  <  I  '  I 

The  imaging  problem  is  therefore  incomplete.  Note  that  m  this  I’oniiuljUon  v>e  have  assumed 
that  the  pulse  shape  lias  been  corrected  for  geometncal  spreading  and  othe:  propagation 
effects  t hat  nuy  be  encountered  in  a  realistic  earth.  We  have  also  neglected  the  ettect  ot 
velocity  gradients  (especially  near  the  fault  >  that  can  distott  the  integration  paths  in 
equation  (d)  so  that  the\  are  no  longer  exactly  straight  lines.  Npudrch  \  Fra/ei  (  have 

given  some  attention  to  tins  problem. 


:tn>  It1  \lcnkc 

Wavenumber  domain  representation 

The  siunitieanee  ot  the  niissuii:  ptoieeti'm  lines  <  those  with  slopes  outside  the  laneu  oi 
equation  si  ..an  be  seen  ls\  the  .tpphe.it nm  ol  the  piojeelion  oi  eenu.il  sliee  theorem  t  see.  n  u 
example.  Heimun  I'1"'1.  eliaptei  2)  I  Ins  theoiem  lelales  a  I  I)  bonnet  transtoim  oi  the 
Radon  1 1 aristoi m  to  the  M)  bonne:  l ia:istoim  oi  the  onpinal  I u net i on  (  he.  e ) 

j  ./I  s,  a  1  expt  is.s  l./s  imk ,  -  \ensU,  k,.  -  Xsiiidl.  ( 4 1 

Here  k  ,  and  A,  tele:  to  ss  asenumi'e:  I  lie  liuuied  i.mpe  ot  slopes  available  tluougli  tele 
eismie  svaveloim  obseivatioiis  implies  tli.ii  oiilv  a  se.ini  mtlie(Av  A.  =  ^el  plane  ot  the  slip 
rate  i'  known  (wheie  we  base  [denuded  A,  with  teinpot.il  dequeues  w.  Hp.  -A)  Some 
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Imaging  fault  slip 

minimi',  of  i ho  limit  do  not  radiate  energy  into  the  lav  field  (see  A  hi  &  Rrchaids 
eliaplei  14.1).  \ote  that  the  complete  d-1)  ( planar  fault )  piohletn  lias  an  even  large  degree  nt 
incompleteness.  In  this  problem  there  ate  two  spatial  coordinates  on  the  tanlt  plane,  say 
( .v | .  V;  l  and  theiefore  two  spatial  wavennnihers  (Avl.  A\:).  I  he  tianstmni  ol  the  slip 
function  can  he  measured  only  in  a  small  cone  m  the  (A  vi  . A vs . A,  =  uh  \ohinie  eenlied  mi 
the  A,.  =  w  axis  flie  piohlem  nui'l  theiefore  he  approached  mill  nime  caution  than  tiie 
2-1)  one. 

Incompleteness  and  fan  filtering 

In  mdei  to  invert  the  t  Aa  .  A ,.  =  cc  i  ic  present  at  ton  ol  t  he  slip  rate  to  the  I  .v.  / )  domain .  one 
must  deal  with  the  sectois  of  the  |AV.  A,.)  plane  which  lack  data.  One  way  to  handle  these 
areas  is  to  invert  a  filtered  vet  sum  ol  the  image  /  t  A , .  A  v  )»H  A  v .  A ,  )  vv  here  /•  is  a  1  liter  which 
is  zero  in  the  sectors  that  lack  data.  The  recovered  image  can  then  he  interpreted  as  a 
convolution  ot  the  true  image  and  an  I  v,  ;)  domain  filter.  Il  this  niter  is  reasonable  spikv . 
then  the  recovered  image  will  he  a  good  approximation  to  the  tine  one.  (This  procedure  is 
analogous  to  the  1-1)  problem  ot  choosing  appropriate  window  lunclioris  when  estimating 
the  spectra  ot  tune  senes. i  The  simplest  fillet  ts  the  so-called  tan  fillet,  which  takes  oil  the 
value  ot  unity  m  the  sectois  that  have  data,  and  is  /eto  everywhete  else  ITitmtunately  .  this 
fillet  has  very  pom  properties  in  the  {  v.  /)  domain,  as  can  lie  seen  by  computing  its  <  v.  / ) 
teptese  ntation 

I  f:ml  v.  M  -  |  |  / A  v ,  A  i  expt/A  V.v  r-  /A, /)  ,/A  ,  </A  , 
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where  the  sector  with  data  are  hounded  In  the  ancle  u  /,IM(  v.  r)  has  two  lines  ol  singu- 
lainies.  extending  I’oijt  the  migm  in  the  •  t 2  a  t  duectiori  t r  e .  it  lias  large  sideiohes).  and 
is  theietme  a  very  poor  (liter  I  lie  recoveied  image  will  he  a  veiv  distuned  version  of  the 
t  me  image 


Designing  an  optimum  filter 

lire  problem  ol  pom  resolution  -an  he  sircumvenled.  at  least  to  a  degree.  h\  choosing  a 
hettei  tiller  I  Iran  /  , ,,,  [his  tiller  niii'l  siill  he  zero  oulside  lire  observed  sectors  ot  the 
I A  v  A  v  t  plane,  hut  takes  v  allies  dtt  lei ent  than  unity  wit lun  the  observed  sector  Some  ol  the 
pool  properties  .u  /  ,  u,  stem  tiom  the  sh.up  Jiange  limn  nutty  to  zeto  at  t lie  houndaty  ot 
'he  observed  leeton  Hy  ptoperlv  tapering  the  litter,  vve  can  substantially  reduce  the  side 
h'hes  |  nloitimatelv  .  this  tapering  has  the  effect  o|  throwing  awav  some  ot  the  mtoi 
matron  that  was  collected,  lire  image  will  tend  to  have  tevvei  ailelaclV  than  the  tan  tillered 
image,  hut  hesninewli.il  mote  hint  red. 

We  assume  ilrai  the  optimum  tiller,  say  /  ,>pl .  is  zero  outside  the  known  sevtms  and  is  a 
real  tuneiimi  wiilnn  the  ohseived  sectors  We  also  assume  it  possesses  minor  svmmetiv 
about  the  A,  a  nil  A,,  axes  live  opiumitn  idler  is  ihe  one  which  satisties  tlit'se  consiiamls 
and  which  minimizes  some  measnie  ot  the  spread  ot  the  lesolnnon.  We  minimize  the 
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variance  of  its  width  in  the  (.v.  rl  plane,  since  the  resulting  filter  tends  in  have  small  side- 
lobes: 

minimize:  J  J  (  v;  +  c:  r )  /  (v,  t)  U.x  dt .  t-'i) 

Note  that  we  have  chosen  the  time-distance  scaling  factor  to  be  the  propagation  velocity,  t. . 
The  observable  sector  of  the  (Av.  A,.  =  cc)  plane  the  subtends  an  angle  of  45  .  Tin. tils .  we 
note  that  m  ordet  to  complete  the  specification  of  the  problem  we  must  add  some  normali¬ 
zation.  Two  reasonable  choices  are  that  optimum  tiller  hare  unit  area  or  unit  energy: 


i )  J.v  dr  =  I 


l 


a) 


or 


|  A'.fp,  (  v,  n  i/.v  Jr  =  I  ("h| 

There  are  a  variety  of  ways  to  implement  this  optimization  problem,  II  one  uses  the 
normalization  defined  In  equation  ('hi.  one  can  generalize  the  approach  that  Papoults 
(I'ts.s)  has  used  for  IT)  filters,  flits  procedure  involves  using  the  calculus  ol  variations 
to  find  an  huler  L.agtange  equation  for  Patseval's  theorem  can  he  used  to  show  that 

equations  ( b)  and  ( "h  I  are  equivalent  to. 

minimize:  II  |l  h  F  r)Av );  *  t  '(<)/■  |  Jk  v  Jui 


subject  to.  ||  /•  ;(AV.  scu/Av  =  1  i*l 

►  *  R 

where  the  region  R  is  tli.it  part  ot  the  tAv.  Av  =  cci  plane  in  which  F,,pl  can  be  non-zero.  In 
realistic  experiments  the  region  R  will  have  fume  area,  since  the  limited  sampling  interval  of 
the  seismometers  will  limit  the  data  to  a  disc  centred  on  the  origin  of  the  (AV.AV  =  volplane. 
The  E-ulet  I  agratige  equation  is  then  the  Helmholtz  equation: 

r) '  /  rt "  /- 

t  i-  ,  *•  ,\/  =  0  t'M 

d:At 

where  5  is  a  l  agrange  multiplier.  I  Ins  equation  is  to  be  solved  with  the  boundary  condition 
t hat  /•' =  tl  on  the  houndarx  ot  R  While  there  are  an  infitut)  of ‘modes'  that  satistv  this 
equation,  the  desired  one  is  the  lowest  order  mode.  It  has  the  least  amount  ol  fluctuation 
over  R 

The  Tiller  1  agrange  approach  assumes  that  the  data  are  known  conttnuoush  over  the 
region  R  In  practice,  they  will  he  known  onl\  ai  discrete  points  within  R.  since  the  seismic 
waves  from  the  fault  are  sampled  at  discrete  times  While  theop'imum  filter  solving  equation 
llM  can  easily  he  discretized  and  then  applied  to  the  data,  another  approach  is  also  possible, 
in  which  the  filter  is  assumed  to  be  discrete  from  the  very  start  of  the  derivation.  By  substi¬ 
tuting  the  finite  Fourier  transform  representation.  A(vp.  tQ  i  =1 ' 1 1' d/k  exp (drrt/p  \  + 
Irrikq  M)  into  equations  ((->)  and  (").  and  then  minimizing  ( i  e  dilterentiaUng)  equation  (hi 
with  respect  to  the  finite  number  ot  coefficients  alk ,  we  obtain  a  matrix  equation  for  the 
Hi k.  This  alternate  approach  to  determining  /'t,pt  is  parttculails  useful  if  the  seismographs 
observing  the  rupturing  fault  are  poorly  distributed,  leading  to  large  gaps  in  the  coverage  ol 
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Figure  5.  left.  the  wjxenumher  representation  ot  the  iii\creti/eil  I  an  filler,  which  is  zero  ever)  where 
•  wit  side  t  he  two  opposing  sectors  of  the  <A  v,  k  v>  plane.  I  lie  filter  in  also  /eo>  outside  a  diM  centred  on  the 
origin,  re  fleeting  the  finite  sampling  rate  of  the  recording  ot  the  orieinal  waveforms  Right  the  wave- 
number  representation  of  the  optimized  filter  Note  that  it  has  been  tapered  sienificanth  when  compared 
to  the  fan  filter 
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Figure  ft.  I'untuur  plot'  ot  the  t  v.  n  reprgvcntalinn  ot  the  tan  i let'll  and  ■■ptitmim  criehti  tilter'ot  I  lg.  5 
I  aree  positive  and  negative  are  shaded  solid  and  'tippled,  respeetlsels  Note  that  the  ‘an  filter  has  mush 
larger  sulelohes  Ilian  the  optimum  tiller  While  not  apparent  troin  this  figure,  the  eentral  peak  ot  the 
optimum  filter  i'  ahout  four  times  wider  than  the  eentral  peak  ot  the  fan  filter  I  he  sharpness  ot  the 
filter  has  been  reduced  in  order  to  minimize  iis  sidelobes 

the  (Av.  k v  -  gj  1 .  These  missing  points  can  simple  he  left  out  of  the  finite  Fourier 
transform,  which  in  effect  changes  the  shape  of  R  to  accommodate'the  data  gaps. 

We  have  computed  the  optimal  filter  for  the  fault  slip  problem,  using  the  second 
approach  and  normalization  (’a).  We  constrain  the  filter  to  he  zero  outside  some  disc 
centred  on  the  origin  of  ihe  (A'x.  ky  =  u>)  plane,  thus  modelling  the  fact  that  the  pulse 
shapes  are  recorded  at  a  finite  sampling  interval  in  time.  The  resulting  filter  is  very  tapered 
compared  to  the  fan  filter  (Fig.  5).  In  the  (x,  t)  domain,  however,  the  optimum  filter  has 
only  very  small  sidelobes.  compared  to  pronounced  ridges  for  the  fan  filter  (Fig.  6). 


204  It'  Maikc 

Conclusions 

li  one  uses  all  the  information  that  is  collected  in  an  incomplete  tomogiaphy  piohlem. 
then  the  recovered  image  has  undergone  the  least  amount  of  filtering  compaied  to  the  1 1 ue 
image.  However,  this  tillering  may  have  a  large  distorting  el  Sect  on  the  image,  and  mav  he 
equivalent  to  convolving  lire  true  image  with  a  function  possessing  large  sidelohes.  flic 
solution  is  to  find  a  filler  that  weights  the  available  data  unevenly  .  with  the  goal  ol  reducing 
the  sidelohes.  The  price  paid  is  that  the  recovered  image  will  he  rather  binned.  When  litis 
pioeess  is  applied  to  the  problem  ol  imaging  laull  slip  rale  using  leleseismie  wjvetorm  data, 
the  width  of  t he  central  peak  in  i he  tiller  /uplt.v.  M  increases  In  a  factor  ol  about  4  com¬ 
pared  to  ( he  evenly  weighting  tan  Iilter  /-',.,n(.v.  M.  blit  the  undesiiahle  sidelohes  are  almost 
completely  lemoved. 
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EFFECT  OF  HETEROGENEITIES  IN  D"  ON  THE  DECAY  RATE  OF  P 

D 1  r  F 

Willinra  Menke 
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Abstract .  We  use  physical  models  to  examine 
the  effect  of  scatterers  in  the  D"  region  of 
the  mantle  on  the  decay  rate  of  the  Pdiff  phase 
in  the  core  shadow.  Scatterers  are  in  the  size 
range  7.5-81  km,  and  measurements  of  the  decay 
rate  are  made  in  the  period  range  3-60  s.  We 
find  that  the  presence  of  scatterers  In  D"  can 
change  the  decay  rate  of  Pdiff  by  as  much  as 
50%.  The  heterogeneity  does  not  affect  the 
decay  rate  for  periods  greater  than  about  10- 
20  s .  At  shorter  periods,  the  decay  rate  can 
be  either  lower  or  higher  than  the  laterally 
homogeneous  case,  depending  on  the  scatterer 
geometry.  We  find  that  a  layer  of  small  (7.5 
km)  scatterers  can  decrease  the  decay  rate, 
while  layers  of  larger  scatterers  (41-81  km) 
mainly  increase  it.  We  did  not  identify  any 
major  effect  of  scatterer  aspect  ratio  on  the 
decay  rate  in  the  one  relevant  test  that  we 
performed  (dikes  and  sills  on  the  core-mantle 
boundary) . 

Introduction 

The  structure  of  the  lowermost  200  km 
of  the  mantle  (often  called  the  D"  region)  is 
of  interest  not  only  to  seismologists  studying 
the  earth's  seismic  structure  but  also  to  the 
wider  geophysical  community  because  of  its 
bearing  on  the  thermal  evolution  of  the  earth 
If  the  whole  mantle  is  convecting  and  if  the 
earth's  core  is  a  sufficiently  important  source 
of  heat,  simple  thermodynamic  considerations 
predict  that  its  laterally  averaged  temperature 
gradient  would  be  approximately  adiabatic, 
except  for  two  thin  boundary  layers,  one  at  the 
top  of  the  mantle  (that  is,  the  lithosphere) 
and  one  at  the  bottom.  Seismological  evidence 
supports  the  existence  of  some  type  of 
anomalous  structure  in  the  lowermost  mantle, 
although  there  is  as  yet  uncertainty  as  to  its 
nature  and  to  whether  it  can  be  explained  by  a 
temperature  anomaly  (that  is,  a  thermal 
boundary  layer)  or  whether  some  compositional 
change  must  be  invoked. 

Not  only  is  there  uncertainty  about  the 
laterally  averaged  structure  of  D" ,  but  there 
is  also  substantial  evidence  that  the  structure 
is  layerally  heterogeneous.  Lateral 
heterogeneity  is  consistent  with  the  thermal 
boundary  layer  interpretation,  since  zones  of 
upwclling  and  downwellir^  and  other  dynamically 
supported  structures  are  to  be  expected  in  a 
convecting  system.  However,  very  little  is  at 
present  known  about  the  scale  lengths  and 
velocity  contrasts  of  these  heterogeneities. 
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The  decay  rate  of  the  core -diffracted 
corapressional  wave  Pdiff  is  sensitive  to  the 
structure  of  D" .  Several  authors  have  used 
observed  decay  rate  data  to  derive  estimates  of 
the  velocity  structure  in  D" ,  and  in  particular 
the  velocity  gradient  just  above  the 
core -mantle  boundary,  by  fitting  these  data  to 
theoretical  estimates  [e.g.,  Doornbos  and 
Mondt,  1979b;  Mula,  1981;  Ruff  and  Helmburger, 
1982;  Doornbos  1983;  Schlittenhardt  et  al. , 
1985] .  Since  the  theoretical  predictions  are 
based  on  a  laterally  homogeneous  earth,  the 
velocity  estimates  may  be  biased  if  significant 
lateral  heterogeneity  is  present. 

The  way  in  which  these  hypothetical  mantle 
heterogeneities  affect  the  decay  rate  of  Pdiff 
is  difficult  to  analyze  theoretically.  Simple 
estimates  based  on  the  Born  approximation 
predict  that  heterogeneities  will  have  little 
effect  [Doornbos  and  Mondt,  1979a],  but  since 
the  Born  approximation  is  valid  only  for  very 
weak,  single  scattering,  these  predictions 
cannot  be  taken  as  definitive.  Analysis  of  the 
effect  of  multiple  scattering  based  on  the  work 
of  Biot  [1968]  indicates  that  this  mechanism 
can  lead  to  significant  changes  in  wave 
propagation  near  boundaries.  We  evaluate  this 
possibility  and  perform  a  sequence  of  model 
experiments  that  exactly  account  for  the 
scattering  interactions  that  occur  in  a 
laterally  heterogeneous,  two-dimensional, 
idealized  earth.  The  purpose  of  these 
experiments  is  to  gauge  the  severity  of  the 
Influence  of  the  scatterers  on  the  decay  rate 
of  the  diffraction  when  these  scatterers  are 
near  the  core -mantle  boundary.  While  the  model 
decay  rates  cannot  be  directly  compared  to 


Fig.  1.  Schematic  diagram  of  model  earth, 
which  consists  of  a  thin  aluminum  plate  that 
represents  a  homogeneous  mantle.  The  effect  of 
a  layer  of  scatterers  just  above  the 
core~mantle  interface  on  the  decay  rate  of  the 
core-di ' fracted  compressional  wave  Pdiff  is 
studied.  Ultrasonic  sources  and  receivers  are 
used  to  produce  and  detect  the  waves.  The 
surface  Rayleigh  wave  R  is  used  as  a 
calibration,  since  its  amplitude  is  independent 
of  range  and  unaffected  by  the  presence  of 
scatterers  in  the  lower  mantle. 
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Fig.  Typical  record  section  showing  the 
decay  of  the  eore-di f fractod  compressions!  wave 
as  a  function  of  range.  Be  cause  the 
props  gat  i  an  is  occurring  in  a  thin  plate,  the 
wave's  velocity  is  dispersive.  The  Pjiff  phase 
is  therefore  quite  ringy,  an  effect  whi  r ;  .3 
•anaesthetic  but  which  does  net  affect  the 
ir.v3SurvT.ont  of  secuy  rate.  Not*.1  trie  loss  of 
amplitude,  particularly  at  r»l  gf:  f  roqu'C.jios  , 
which  ihcrc-uivs  with  dists r;::e  ir.te  tro-  Shadow, 


similar  measurements  for  the  real  earth,  thev 
provide  estimates  of  the  order  of  the  effect 
and  suggest  kinds  of  features  to  look  for  in 
the  real  data. 

Experimental  Design 

We  model  the  mantle  as  a  two-dimensional 
tedium  with  curved  upper  and  lower  edges.  This 
mantle  is  homogeneous,  except  for  certain  areas 
into  which  we  introduce  scat  to re rs  No  attempt 
is  made  to  model  the  core;  the  lower  1 oundarv 
is  a  free  sur*  ->ce  However,  since  Pint 
involves  grazing  incidence  interactions  with 
:  he  core  .  very  little  etu» rgv  i  s  t  ransini  t  r  ed 
into  the  core,  and  this  approximation  is  not 


unreasonable.  A  thin  metal  plate  is  used  as  an 
analogue  to  the  mantle,  since  at  wavelengths 
long  compared  to  the  plate  thickness, 
compressional  waves  propagate  through  the  plate 
as  if  it  were  two-dimensional.  The 
compress ional  waves  have  frequencies  in  the 
0.05-1.0  MHz  range  and  wavelengths  of  several 
centimeters.  A  plate  2  in  in  diameter  (Figure 
1)  can,  therefore,  model  what  would  correspond 
to  periods  of  between  3  and  60  s  in  the  earth 
(Table  1).  This  is  the  band  in  which  many 
observations  of  Pdiff  ate  made.  The  model  P 
waves  are  in  fact  the  lowest-order 
compressional  mode  of  a  thin  plate  and  have 
phase  velocities  that  are  dispersive. 
Seismograms  therefore  contain  dispersed  wave 
trains  rather  than  sharp  pulses  (Figure  2). 
While  the  dispersion  is  unaesthetic.  it  does 
not  affect  measurement  of  the  decay  race  of  the 
diffraction  (Figure  3) . 

We  generate  and  receive  the  waves  using 
piezoelectric  transducers  (Panametrics  Model 
V101  source  and  Model  V110  receiver),  and 
record  them  with  a  digital  oscilloscope 
(Analogic  Model  D6000/630)  with  an  effective 
dynamic  range  of  about  12  bits.  The  digital 
seismograms  are  collected  for  both  the  P^iff 
phase  and  the  lowest -mode  Rayleigh  wave.  The 
Rayleigh  mode's  energy  is  confined  to  the 
upper,  laterally  homogeneous  part  of  the  mantle 
and  therefore  provides  an  internal  standard 
that  permits  very  precise  (1.0%)  measurements 
of  relative  amplitude.  Spectral  analysis  is 
then  performed  on  the  digital  seismograms  to 
produce  plots  of  the  decay  rate  of  Pdiff  as  a 
function  of  period.  The  decay  curve,  for  a 
homogeneous  mantle  with  no  core  is  a  smooth 
monotonies! ly  decreasing  function  of  period  and 
is  reasonably  close  in  character  to  the  decay 
curve  for  a  homogeneous  mantle  with  a  solid 
brass  core  (Figure  4).  The  technology  of  model 
experiments  is  described  further  by  other 
authors  [e.g..  Oliver  et  al . .  1954;  Dainty  and 
Toksoz .  1975;  Menke  and  Richards.  1983]. 

Sea 1 1 e re r  Geome t  r i es 

We  examine  three  classes  of  soatterers  near 
the  core -mantle  boundary  (Figure  5). 

A  thick  layer  of  small  circular  voids.  Here 
we  place  a  128 -km- thick  layer  just  above  the 


Period  :30s 


Denod  *  8s 
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—  SHADOW  —  SHADOW 
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Fig.  3.  Thu  3 p*.  ct rul  amplitude  of  the  P.iiff  waves  of  Figure  ,!  in  plotted  as  a 
function  of  range,  for  throe  selected  periods,  T.  Note  that  the  amplitude  decays 
exponentially  with  distance  into  the  shadow  at  a  rate  that  decreases  with  period.  The 
decay  rates  w or*3  measured  by  fitting  a  straight  line  to  the  data  between  ranges  of 
11  U°  and  1.?b°.  The  leveling  off  that  occurs  at  range's  greater  than  1,7°  is  due  to 
i  rU.erf er ‘‘nee  by  another  seismic  ph-tse. 
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TABLE  1.  Scaling  Factors  U3ed  in  Modeling 


Actual  Units 

Scaled  Units 

General 

Diameter 

1000  mm 

6371  km 

Aluminum 

5.47  km/s 

13-64  km/s 

Brass 

3.93  km/s 

9.33  km/s 

Observable  wavelengths 

6-60  mm 

38-380  km 

Observable  periods 

1-20  microseconds 

3-60  s 

Distance  to  shadow 

114° 

1  1  4° 

Wavelengths  in  path 

20-300 

20-300 

Thick  layer  of  small 

circular  scatterers 

Diameter  of  scatterers 

1.18  mm 

7.5  km 

Thickness  of 

20  mm 

128  km 

scattering  layer 

Maximum  concentration 

0.054  mm 

0.001 36  km  2 

of  scatterers 

Homogeneous  layer 

Thi  ckness 

1 1  mm 

70  km 

Thin  layer  of  large 

circular  scatterers 

Height  above  core 

12.7  mm 

81  km 

Mean  distance  between 

57  mm 

365  km 

scatterers 

Diameter  of  scatterers 

6.25  mm 

41  km 

9.53  mm 

61  km 

12.7  mm 

81  km 

Dikes  and  sills 

Short  dimension 

3 . 5  mm 

22  km 

Long  dimension 

9.0  mm 

57  km 

Fig.  4.  The  decay  rate  as  a  function  of  period 
for  (curve  A)  the  homogeneous  mantle  with  no 
core,  and  (curve  B)  the  homogeneous  mantle  with 
a  solid  brass  core  (compressional  velocity 
ratio  of  13.64  :  9.33.  compared  to  13.64  :  8.1 

in  the  real  earth).  Note  that  the  decay  rate 
of  the  diffraction  is  not  strongly  dependent 
upon  the  properties  of  the  core. 


Fig.  5.  Classes  of  heterogeneities  placed  at 
the  core  mantle  boundary,  (a)  A  1  28  km  thick 
layer  of  small  (7.5  km)  voids,  (b)  A  layer  of 
large  (41-81  km)  circular  void  or  slow  velocity 
inclusions,  (c)  Slow  velocity  dikes  on  the 
core-mantle  boundary,  (d)  Slow  velocity  sills 
on  the  core-mantle  boundary. 
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Fig.  6.  The  decay  rate  of  as  a  function  of  period  for  earth  models  that  contain 

a  thick  layer  of  small  circular  scattering  voids,  la)  In  the  absence  of  scatterers, 
the  decay  rate  monotonically  decreases  with  period.  (b~e)  As  the  concentration  of 
scatterers  is  increased  in  steps  of  3.4x10-’  km" 1 ,  the  decay  rate  changes.  The 
presence  of  scatterers  leads  to  a  much  more  complicated  behavior  than  the 
nonscattering  case.  The  smooth  curves  are  three-point  running  averages  of  tne  data 
and  are  used  in  subsequent  figures. 


core-mantle  boundary.  The  layer  contains  a 
random  (white)  distribution  of  circular  voids, 
each  7.5  km  in  diameter.  Of  course,  any 
individual  scatterer  in  the  real  earth  Is  not 
as  strong  as  one  of  these  model  scatterers,  but 
the  overall  effect  of  the  layer  of  scatterers 
can  be  made  similar  by  adjusting  the  number  of 
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Fig.  7.  Residual  decay  rates  as  a  function  of 
period  for  earth  models  that  contain  a  thick 
layer  of  small  circular  scattering  voids.  The 
residuals  are  computed  relative  to  the  smoothed 
homogeneous  earth  data  (Figure  ha).  The 
concentration  of  scatterers  is  increased  in 
steps  of  3.4x10_1  km" 2  for  curves  A  through  D. 
Note  that  the  residuals  are  small  at  long 
periods,  indicating  that  these  long  wavelengths 
are  not  Influenced  by  the  layer  of  scatterers. 
At  shorter  periods  the  residuals  can  be  either 
strongly  positive  or  3trongly  negative, 
depending  upon  the  concentration  of  scatterers. 
The  strong  minimum  that  occurs  at  a  period  of 
about  10  s  Is  due  to  a  resonance  In  the 
scattering  layer.  At  the  very  longest 
wavelengths,  the  layer  of  scatterers  emulates  a 
homogeneous,  slow- velocl  ty  layer. 


scatterers.  We  perform  a  set  of  five 
measurements  in  which  the  number  of  scatterers 
per  unit  area  is  slowly  increased. 

A -thin  layer  of  large  scatterers  Ue  place 
a  row  of  larger  scatterers  80  km  above  the 
core-mantle  boundary.  The  scatterers  have 
diameters  that  range  from  41-81  km,  and  their 
spacing,  while  random,  averages  364  km.  Two 
types  of  scatterers  are  examined,  voids,  and 
scatterers  filled  with  a  material  (brass)  that 
is  about  30»  slower  than  the  velocity  of  the 
surrounding  mantle. 

Sills  and  dikes  We  place  a  row  of  sills 
and  dikes  just  above  the  core-mantle  boundary. 
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Fig.  8.  Residual  decay  rates  for  a 
homogeneous,  slow-layer  (compressional  velocity 
9.33  km/s)  thickness  of  70  km.  The  sequence  of 
minima  and  maxima  in  me  decay  rate  is  caused 
by  resonances  in  the  layer.  The  longest- period 
minimum  corresponds  to  a  wavelength  of  twice 
the  layer  thickness.  Note  that  this  pattern 
differs  qualitatively  from  the  one  observed  for 
the  layer  of  scatterers:  the  scattering  case 
has  only  a  single,  long- period  minimum  (Figure 
7)  . 
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Fig.  9.  Residual  decay  rates  for  a  thin  layer  of  large  circular  scatterers.  The 
left,  middle,  and  right  plots  are  for  scatterer  diameters  of  91,  61,  and  81  km, 
respectively.  In  each  plot,  curve  A  is  for  circular  voids,  and  curve  B  is  for 
circular  solid  inclusions  (with  a  compressional  velocity  30$  below  the  surrounding 
mantle) . 


These  scatterers  measure  57  by  22  km  and  have 
an  average  horizontal  spacing  of  364  km.  The 
scatterers  are  made  of  a  material  (brass)  that 
is  about  30*  slower  than  the  surrounding 
mantle.  Two  orientations  of  the  scatterers  are 
examined,  one  with  the  long  dimension  vertical 
(dikes)  and  the  other  with  it  horizontal 
(sills).  These  cases  can  be  combined  with  one 
from  the  thin  layer  of  large  scatterers  to 
yield  a  sequence  of  scatterers,  all  with  the 
same  velocity  contrast  and  mass  but  with  a 
sequence  of  aspect  rations:  vertical  dikes, 
circular  inclusions,  and  horizontal  sills. 

Results 

A  thick  layer  of  small  circular  voids.  The 
decay  rate  for  the  model  with  no  scatterers 
smoothly  increases  with  frequency  (Figure  6a) . 
When  a  layer  of  randomly  distributed  scatterers 
is  placed  just  above  the  core-mantle  interface, 
the  decay  rate  is  reduced  compared  to  the  no 
scatterer  case,  except  at  the  very  lowest 
frequencies,  where  it  is  unchanged  (Figures  6b 
and  7,  Curve  A).  The  very  lowest  frequencies, 
corresponding  to  wavelengths  5-10  times  the 
layer  thickness  and  50-100  times  the  scatterer 
diameter,  apparently  are  completely  unaffected 
by  the  scatterers.  On  the  other  hand,  the 


decay  rate  of  the  higher  frequencies  is  reduced 
by  about  20*. 

This  pattern  changes  somewhat  as  the  number 
of  scatterers  is  increased.  The  lowest 
frequencies  are  still  completely  unaffected  by 
the  scatterers.  The  decay  rate  of  the 
Intermediate  frequencies  remains  less  than  the 
homogeneous  case,  and  a  pronounced  minimum 
develops  at  a  period  of  about  10  s.  This 
minimum  is  associated  with  a  resonance  within 
the  layer  of  scatterers.  The  layer  of 
scatterers  acts  like  a  homogeneous ,  slow- 
velocity  layer  at  these  relatively  long 
periods.  The  decay  rate  of  the  shortest 
periods  now  becomes  faster  than  the  homogeneous 
case .  The  period  bounding  these  two  regimes 
increases  as  the  number  of  scatterers  is 
increased. 

Although  the  layer  of  scatterers  acts  like  a 
homogeneous,  slow-velocity  layer  at  longer 
periods,  its  behavior  at  shorter  periods  is 
distinctly  different.  To  demonstrate  this 
difference,  we  have  measured  P^jj  in  a  model 
earth  consisting  of  a  homogeneous  aluminum 
mantle  with  a  thin  brass  layer  (thickness  of  11 
mm,  or  70  km  in  the  real  earth)  at  the 
core-mantle  interface.  This  layer  is  slower 
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Fig.  10.  Residual  decay  rates  for  a  thin  layer 
of  large  circular  scatterers.  These  are  the 
same  data  as  in  Figure  8,  now  rearranged  to 
emphasize  the  change  in  decay  rate  associated 
with  changing  the  diameter  of  the  scatterers 
frcm  41  to  61  to  81  km  (curves  A-C, 
respectively).  Circular  voids  are  plotted  to 
the  left;  circular  solid  inclusions  are  plotted 
to  the  right. 


Fig.  11.  Residual  decay  rates  for  (curve  A) 
horizontal  sills,  (curve  B)  circular  solid 
inclusions,  and  (curve  C)  vertical  dikes. 

These  three  scatterer  types  vary  only  in  their 
shape.  Each  has  the  same  mass  and  material 
properties.  Note  that  the  pattern  of  residuals 
for  dikes  and  sills  is  broadly  similar, 
suggesting  that  scatterer  orientation  may  not 
strongly  Influence  the  decay  rate. 
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decay  rate  curves  for  dikes  and  sills  just 
above  the  core -mantle  boundary  are  remarkably 
similar  to  one  another  (Figure  11). 

The  decay  rate  is  higher  than  the 
homogeneous  case  for  intermediate  periods  (5- 
30  s)  and  lower  than  the  homogeneous  case  for 
periods  greater  than  30  s  or  less  than  5  s. 
These  two  curves  differ  markedly  from  the  curve 
for  the  circular  inclusions.  The  difference  is 
probably  due  to  the  difference  in  depth  of  the 
scatterers  rather  than  to  difference  in  their 
shape.  The  sills  and  dikes  are  located  just 
above  the  core -mantle  boundary,  and  the 
circular  inclusions  are  about  81  km  above  it. 

Conclusions 


Fig.  12.  Observed  decay  rate  as  a  function  of 
period,  as  observed  by  Mula  [1981]  (triangles) 
and  Doornbos  [1983]  (squares).  The  solid  line 
is  a  prediction  of  laterally  homogeneous  model, 
PREM. 


than  the  surrounding  mantle  (compress ional 
velocity  of  9.33  km/s  compared  to  13.64).  The 
decay  rate  (Figure  8)  shows  a  sequence  strong 
minima  associated  with  the  effect  of  multiple 
reverberations  in  the  layer,  which  are  not 
observed  in  the  case  of  the  layer  of 
scatterers.  The  decay  curve  oscillates  about 
the  decay  curve  for  the  homogeneous  mantle,  in 
contrast  to  the  scatterer  case  where  it 
systematically  departs  from  it  at  the  shorter 
periods.  These  differences  may  be  useful  in 
descriminating  between  laterally  homogeneous 
and  randomly  varying  structures  near  the 
core -mantle  boundary. 

A  thin  layer  of  large  scatterers.  Like  the 
layer  of  small  circular  voids,  the  layer  of 
large  voids  has  little  effect  on  the  decay  rate 
at  the  longest  periods  (>20  s)  (Figures  9  and 
10,  Curve  A).  Unlike  the  layer  of  small  voids, 
there  is  a  decay  rate  maximum  at  intermediate 
periods  (-10  s)  where  the  scatterer  diameter  is 
about  a  half  wavelength.  This  maximum 
increases  in  period  and  amplitude  as  the 
diameter  of  the  scatterers  is  increased  (Figure 
10,  Curve  A).  While  the  small  scatterers 
decrease  the  decay  rate  at  some  frequencies, 
the  large  scatterers  seem  mainly  to  increase 
it.  They  seem  to  be  scattering  energy  out  of 
the  diffraction  and  thus  increasing  its  decay 
rate.  Large,  solid,  slow- velocity  (9.33  km/s) 
inclusions  (Figure  10,  Curve  B)  have  an  effect 
on  the  decay  rate  that  is  grossly  similar  to 
the  effect  of  the  voids,  except  for  the 
smallest  diameter  tested,  where  the  maximum  is 
not  evident  and  a  distinct  minimum  occurs. 

This  case  may  represent  a  case  intermediate 
between  the  small  scatterers  of  the  previous 
session,  where  resonances  in  the  average  layer 
caused  a  minimum  in  the  decay  rate  and  the 
large  scatterers  where  scattering  acts  only  to 
increase  the  decay  rate.  At  shorter  periods 
the  decay  rate  is  faster  than  for  the 
homogeneous  mantle.  In  the  elastic  inclusion 
case  there  is  some  hint  of  short-period  (~3.5 
and  5  s)  maxima,  which  may  be  associated  with 
short  period  resonances  in  the  inclusions. 

Scatterers  of  different  aspect  ratios.  The 


There  is  considerable  evidence  that  the  D" 
region  of  the  mantle  contains  significant 
lateral  heterogeneity.  Analysis  of  diverse 
data  sets,  including  core  phases  such  as  PKP 
and  PKIKP  [e.g.,  Sacks  and  Snoke ,  1977;  Haddon 
and  Cleary,  1974],  diffracted  waves  (Ruff  and 
Lettvin,  1984]  and  mantle  P  waves  [Clayton  and 
Cramer,  1983]  all  provide  some  evidence  for 
heterogeneity.  However,  there  is  not  yet 
agreement  regarding  the  velocity  contrast  or 
scale  lengths  of  these  heterogeneities,  which 
is  in  part  due  to  the  fact  that  the  different 
techniques  have  different  resolving  powers  and 
have  been  applied  to  different  portions  of  the 
core -mantle  boundary. 

Our  model  data  demonstrate  that  lowermost 
mantle  heterogeneities  have  a  significant 
effect  on  the  decay  rate  of  diffracted  waves, 
an  effect  that  is  at  some  periods  distinct  from 
the  effect  of  laterally  homogeneous  structure. 
Variations  in  the  decay  rate  of  up  to  50%  are 
observed.  Available  data  for  the  real  earth 
consist  of  measurements  of  the  decay  rate  in 
the  10-60  s  period  range  [Mula,  1981;  Doornbos, 
1983]  and  at  about  1  s  [Ruff  and  Helmburger, 
1982;  Ruff  and  Lettvin,  1984].  The  10-60  s 
data  (Figure  12)  are  very  smooth  and  can  be  fit 
fairly  well  by  a  laterally  homogeneous  earth. 
This  result  is  in  agreement  with  our  model 
experiments,  which  show  little  variation  in  the 
longest-period  decay  rates  between  models  with 
different  amounts  of  lateral  heterogeneity.  On 
the  other  hand,  the  shorter  period  data  of  Ruff 
and  Lettvin  [1984]  reveal  significant 
differences  in  the  position  of  the  edge  of  the 
shadow  zone  and  decay  rate  for  different 
patches  on  the  core-mantle  boundary.  At  these 
shorter  periods  our  model  shows  that  the  decay 
rate  curves  are  very  complex,  containing  minima 
and  maxima  associated  with  strong  excitation 
of,  or  scattering  from,  the  diffraction. 

However,  Ruff  and  Lettvin' s  [1984]  data  are 
relatively  narrow  band,  so  that  the  detailed 
way  in  which  decay  rate  varies  with  frequency 
is  not  yet  known.  These  limitations  stress  the 
importance  of  making  broad  band  observations  of 
Pdiff.  anc*  of  measuring  its  decay  rate  for 
periods  shorter  than  10  s. 
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Semidiurnal  Internal  Tide  in  JASIN: 
Observations  and  Simulation 
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Temperature  was  observed  in  the  upper  HO  m  b>  moored  thermistor  chains  at  three  locations  in 
Rockall  Channel  west  of  Scotland  Isotherms  were  interpolated,  anil  a  I -week  period  of  exceptionally 
energetic  tidal  oscillations  was  analyzed  The  moored  array  (horizontal  separations  ranging  from  h  to  211 
km)  was  used  as  an  antenna  to  determine  the  dominant  horizontal  wavelength  and  direction  of  propaga¬ 
tion  of  the  internal  tide  within  the  array  Rockall  Bank.  100  km  to  the  southeast,  was  identilied  as  the 
source  of  the  internal  tide.  The  semidiurnal  internal  tide  generated  by  the  interaction  of  the  surface  tide 
with  Rockall  Bank  was  simulated  by  use  of  a  model  due  to  Prinsenberg  and  Rattray  The  model  predicts 
generation  of  the  internal  tide  at  the  shelf  break  and  propagation  seaward  as  energetic  beams  which  lie 
along  internal  wave  characteristics.  Some  energy  is  trapped  near  the  surface  m  association  with  the 
pycnocline.  There  is  substantial  structure  in  the  velocity  and  vertical  displacement  fields.  Most  of  the 
total  energy  of  the  internal  tide  is  in  the  first  vertical  mode.  However,  at  particular  depths,  vertical  modes 
as  high  as  4  (horizontal  wavelengths  of  25  km)  dominate  I  he  high  degree  of  spatial  variability  in  the 
modeled  internal  tide  illustrates  the  potential  for  error  when  basing  a  description  of  the  tide  an  sparse 
observations.  There  is  good  agreement  between  the  modeled  vertical  displacements  and  the  I -week 
period  of  energetic  oscillations  of  isotherm  depth  observed  at  the  moorings.  In  addition,  there  is  good 
agreement  between  the  model  and  the  tidal  velocity  variance  measured  during  the  same  week  at  depths 
ranging  from  10  to  1000  nt  and  distances  ranging  from  50  to  130  km  from  Rockall  Bank  Richardson 
numbers  associated  with  the  vertical  shear  ot  the  modeled  internal  tide  range  down  to  values  less  than  3 


1.  Introdi  t  IION 

It  is  now  generally  accepted  that  the  internal  tide  is  gener¬ 
ated  by  the  interaction  of  the  surface  tide  with  bottom  topog¬ 
raphy  [e  g..  Hendersltott.  19X11  However,  observations  of  the 
internal  tide  in  deep  water  have  seldom  been  unequivocally 
identified  with  generation  at  a  particular  topographic  feature. 
Regal  and  Wunseh  [  1973]  found  that  the  internal  tide  south  of 
Cape  Cod  was  intensified  and  coherent  near  the  surface.  They 
attributed  the  intensification  to  generation  on  the  continental 
slope  about  60  km  away  and  subsequent  propagation  of 
energy  along  internal  wave  characteristics  which  approached 
the  surface  at  the  point  of  observation.  Hendry  [1977]  ana¬ 
lyzed  moored  measurements  of  temperature  and  velocity  in 
the  western  North  Atlantic  and  concluded  that  the  Blake  Es¬ 
carpment  700  km  away  was  a  major  generation  area  for  the 
observed  internal  tide  There  have  also  been  measurements  on 
the  continental  slope  [Torgrimson  and  llickey.  1979]  which 
demonstrate  generation  on  the  slope  and  propagation  along 
characteristics. 

Theoretical  models  of  the  generation  of  the  internal  tide 
over  topography  have  grown  in  sophistication  over  the  past 
2j  decades.  The  earliest  models  describe  generation  in  a  two- 
layer  fluid  [e.g..  Rattray.  I960],  The  limitations  of  a  two-layer 
fluid  were  overcome  by  Rattray  et  al.  L1969],  v  ho  investigated 
generation  on  a  step  continental  shelf  in  an  ocean  having 
constant  buoyancy  frequency  .V.  This  work  was  continued  by 
Prinsenberg  et  al.  [1974]  for  the  case  of  a  sloping  continental 
shelf  and  further  extended  for  variable  V  by  Prinsenberg  and 
Rattray  [1975],  Baines  [1973.  1974]  has  developed  a  model 
for  generation  of  the  internal  tide  in  an  ocean  with  nearly 
arbitrary  bottom  topography  and  density  stratification.  The 
models  predict  strong  generation  of  the  internal  tide  at  the 
shelf  break  where  the  bottom  slope  is  greater  than  or  equal  to 
the  slope  of  the  local  internal  wave  characteristic.  The  internal 
tide  generated  at  the  shelf  break  propagates  seaward  along 
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characteristics  as  energetic  beams  Comprehensive  reviews  of 
the  theories  and  observations  of  the  internal  tide  have  been 
given  by  IJTnivWi  |  1975]  and  Hendershott  [  19X1  ] 

In  this  paper  we  analyze  observations  of  the  internal  tide 
and  compare  them  to  a  model  I  he  analysts  is  concentrated 
on  a  I -week  period  of  exceptionally  energetic  oscillations  ob¬ 
served  west  of  Scotland  during  the  Joint  Air-Sea  Interaction 
(JASIN)  experiment.  The  topographic  source  of  the  observed 
internal  tide  is  identified,  and  the  generation  and  propagation 
from  this  source  are  simulated  with  a  model  due  to  Prinsen¬ 
berg  and  Rattray  [1975],  The  model  has  a  step  shelf  and 
depth-dependent  buoyancy  frequency  Predicted  vertical  dis¬ 
placements  and  tidal  velocity  variances  are  compared  with 
observations.  T  he  spatial  variability  of  the  internal  tide  is  de¬ 
scribed.  and  its  contribution  to  shear-induced  mixing  is  evalu¬ 
ated 

2.  Obsirvaiions 

As  pail  of  the  JASIN  experiment  [Pollard  et  al.  19X3], 
observations  of  temperature  were  taken  from  late  July  to  early 
September  I97X  by  use  of  thermistor  chains  moored  in  Rock¬ 
all  Channel  about  300  km  west  of  Scotland,  I  hermistor 
chains,  manufactured  by  Aanderaa.  were  attached  to  surface 
moorings  at  four  locations.  Bl.  B2.  B3.  and  B4.  shown  in 
Figure  I.  Moorings  Bl.  B2.  and  U3  were  part  of  the  fixed 
Intensive  Array  (FT A),  a  cluster  of  many  moorings  within  a 
6-km  square  (figure  1 1  Measurements  at  B3  were  unreliable 
and  have  been  excluded  Thermistors  were  distributed 
throughout  the  upper  XI. 5  m  of  the  water  column  at  each 
mooring  and  sampled  at  10-nun  intervals  The  observations 
analyzed  in  this  paper  conic  primarily  from  thermistors  5  m 
apart  at  depths  ranging  front  36.5  to  XI. 5  nv  This  range  of 
depths  encompasses  the  maximum  in  the  buoyancy  frequency 
(figure  2).  Isotherms  were  linearly  interpolated  between  adja¬ 
cent  temperature  measurements. 

Temperature  observations  were  also  taken  during  JASIN 
with  a  towed  thermistor  chain  [Baumann  et  al..  1980]  The 
chain  was  towed  at  a  speed  of  3  m  s  around  a  15-km  square 
which  contained  the  FT  A  moorings  (f  igure  I).  The  chain  had 
thermistors  installed  at  2-m  intervals  from  approximately  20 
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Mi:  I  1  ocatton  of  t ho  H  moorings  in  relation  lo  topography  and 
oilier  moorings  The  clu-icr  ol  moorings  centered  on  59  N .  12  30'W 
icee  mseii  is  called  t he  I  ived  Intensive  Array  ll  IAi  The  dolled  line  in 
tire  nisei  is  the  track  of  the  towed  thermistor  chain  Bottom  slope 
alone  the  dashed  lines  I..  he  It'll  A  B.  and  (  is  shown  in  Figure  ft 


lo  'ft  m  depth  Pressure  was  measured  al  three  locations  on 
the  chain  The  temperature  observations  were  averaged  over 
seqiienti.il  30-s  intervals  to  filter  the  elVeets  of  ship  motion. 
Isotherm  depths  were  hn.arlv  Interpolated. 

I  he  time  series  of  isotherm  depths  from  the  B  moorings 
were  divided  into  segments  of  1024  points  l nearly  I  week:  see 
fable  1 1.  and  spectra  were  computed.  Spectra  of  isotherm  dis¬ 
placement  at  a  mean  depth  of  50  m  are  shown  in  Figure  3. 
I  he  spectral  level  at  mooring  B4  is  higher  on  average  than  the 
level  at  Bl  or  B2.  hut  levels  are  similar  at  the  frequency  of  the 
semidiurnal  tide  10.0X05  cphl  The  tidal  peak  is  the  most 
prominent  feature  in  the  spectra  and  is  larger  than  the  spectral 
estimate  at  the  inertial  frequency  10.0714  0.0716  eph)  by  a 


BUOYANCY  FREQUENCY  (CPH) 

I  ig  7  Mean  buoyancy  frequency  profile  The  protile  is  a 
smoothed  representation  of  a  profile  calculated  by  Pi’nmnifton  and 
ftrts< ne  (  I 979 |  from  conduclivily.  iemperature.  and  depth  casts 
during  the  experiment 
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factor  ol  4  or  more  at  all  three  moorings  At  frequencies 
higher  lhan  the  semidiurnal  tide  the  spectra  decrease  with  a 
slope  of  about  n  1  except  for  a  small  peak  at  twice  the  semi¬ 
diurnal  frequency  A  general  discussion  of  internal  waves  ob¬ 
served  during  JASIN  is  given  by  /. mnr  cl  al  [1^X3], 

I  he  spectral  levels  and  coherences  in  the  semidiurnal  tidal 
hand  calculated  over  nearly  week-long  segments  during  the 
experiment  are  shown  in  T.gure  4  For  each  segment,  three- 
raw  spectral  estimates  were  averaged  in  the  frequency  hand 
extending  from  0.0732  to  0.090X  eph  Ihe  temporal  variation 
of  variance  in  the  tidal  hand  ihigure  4ul  was  similar  at  moor¬ 
ings  Bl  and  B2  The  variance  at  all  moorings  was  the  greatest 
during  segment  4  High  horizontal  coherence  was  observed 
between  moorings  Bl  and  B2  during  segment  4  at  all  depths, 
and  coherence  decreased  as  the  variance  fell  during  segment  5 
1 1  igure  4/0.  The  maximum  variance  at  mooring  B4  was  larger 
than  at  the  other  two  moorings,  hut  coherence  at  the  larger 
horizontal  separations  (BI-B4  and  B2-B4|  fell  slightly  during 
segment  4.  The  high  variance  in  the  tidal  band  during  segment 
4  was  also  accompanied  by  very  high  vertical  coherence  for  all 
vertical  separations  at  all  three  moorings  1  igure  4i  illustrates 
this  for  mooring  B2  Note  that  the  low  coherence  during  seg 
ment  3  is  not  necessarily  representative  of  moorings  Bl  and 
B4  but  that  the  high  coherences  during  segment  4  occurred  lo 
the  same  extent  al  all  three  moorings 


fig  V  Isotherm  displacement  spectra  for  isotherms  with  a  mean 
depth  of  50  in.  The  ordinate  scale  applies  to  the  spectrum  from  moor¬ 
ing  B3  Spectra  from  moorings  Bl  and  B4  are  olTset  by  one  decade 
upward  and  downward,  respectively  The  spectra  are  ensemble 
averaged  over  four  or  live  segments  No  hand  averaging  was  per¬ 
formed  al  frequencies  below  11115  eph.  smoothing  was  performed 
above  0  1 15  eph  by  hand  averaging  inlo  15  nonoverlapping  hands  per 
decade  light  lines  arc  US1  ..  confidence  intervals 
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T  ig  4  (ul  Temporal  variation  in  the  ,enudiurnal  tidal  hand  of  the 
variance  of  isotherm  displacement  at  about  50  m  depth  (hi  Horizon¬ 
tal  coherence  between  isotherms  at  each  mooring.  n  I  Vertical  coher¬ 
ence  at  mooring  B2  for  isotherms  which  have  various  vertical  separa¬ 
tions,  regardless  of  actual  mean  depth  All  coherences  in  figure  4<  are 
significant!)  different  than  zero  at  the  90  level  Time  segments  are 
defined  in  Table  1 

In  the  section  that  follows  we  analyze  segment  4,  the  l-weck 
period  during  which  the  tidal  variance  observed  at  the  B 
moorings  was  exceptionally  high 

3  Direction  ai  Wavi  Spectra 
The  horizontal  array  of  moorings,  Bl,  B2.  and  B4  (figure 
1 1,  was  used  as  an  antenna  to  determine  the  dominant  hori¬ 
zontal  wavelength  and  direction  of  propagation  of  the  internal 
tide  during  segment  4  The  technique  used  to  estimate  the 
wave  number  spectrum  is  called  the  beam-forming  method 
[('upon,  1969]  This  method  is  easy  to  implement,  and  the 
resolution  in  wave  number  space  is  as  good  as  in  more  sophis¬ 
ticated  methods,  provided  the  observed  wavelengths  are  of  the 
order  of  the  largest  sensor  separation  [Doris  and  Regier. 
1977]  The  applicability  of  the  beam-forming  method  to  the 


fig  5  Time  series  of  2-hour  moving  averages  of  isotherm  depth 
with  a  mean  of  50  m  during  segment  4  (solid  curvel  The  modeled 
plane  wave  (equation  (Til  is  shown  as  a  dashed  curve  The  isotherms 
are  10  8  C  al  Bl.  10  6  C  at  B2.  and  100  C  at  B4 


TAB1T-  2.  Observed  and  Modeled  Phase  Differences  al 
Semidiurnal  Frequency  al  About  50  m  Depth  During 
Segment  4 


Mooring 

Pair 

Separation. 

km 

Observed  Phase 
Difference, 
deg 

Modeled  Phase 
Difference, 
deg 

B1-B2 

5.8 

-25 

-22 

BI-B4 

19.2 

166 

167 

B2-B4 

-  141 

-145 

Modeled  phase  differences  are  from  Prinsenherg  and  Rattray 
11975], 


scales  encountered  in  this  study  is  demonstrated  by  examina¬ 
tion  of  f  igure  5.  Time  series  of  2-hour  moving  averages  of 
isotherm  depth  at  about  50  m  calculated  once  an  hour  during 
segment  4  are  shown  for  all  three  moorings  The  internal  tide 
at  mooring  B4  is  about  180  out  of  phase  with  observations  at 
mooring  Bl.  and  the  phase  difference  between  observations  at 
moorings  Bl  and  B2  is  always  small  (Table  2).  These  phase 
differences  suggest  that  the  internal  tide  during  segment  4  was 
traveling  in  a  direction  close  to  north  to  south,  with  a  wave¬ 
length  approximately  twice  the  largest  sensor  separation,  or 
about  40  km 

The  estimate  of  the  wave  number  spectrum  by  the  beam- 
forming  method  at  horizontal  wave  number  k  and  frequency 
cl,,  is  given  by  [Capon.  1969] 
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where  lM  is  the  cross  spectrum  at  frequency  <«„  between  obser¬ 
vations  at  sensors  p  and  t/.  A 1  is  the  number  of  sensors  in  the 
array,  and  \r  is  the  location  of  the  pth  sensor.  The  wave 
number  window  for  this  estimator,  called  the  beam  pattern 
(figure  6)  of  the  array,  depends  only  on  sensor  separations 
and  is  given  by 

I  M. 

fllkl  -  — j  exp  f/2irk  •  (xr  —  x,l]  (2l 

”  '  n  "  l 

Instead  of  using  a  conventional  estimator  of  the  cross  spec¬ 
trum  we  follow  the  example  of  Hendry  [1977]  and  use  the 
“raw  '  Fourier  coefficients  al  tidal  frequency,  that  is 

/„  =  ClXpIs*!*,) 

where  2(x,,)  is  the  Fourier  transform  of  vertical  displacement  at 
location  \p.  This  is  a  modification  of  the  beam-forming 
method  in  that  one  assumes  that  the  internal  tide  can  be 
modeled  as  a  deterministic  rather  than  a  random  process.  It 
can  then  be  shown  that  for  any  noncolinear  array  of  three 
points  the  wave  number  spectrum  1 1 1  will  be  exactly  the  beam 
pattern  (2)  reproduced  with  its  center  at  k„,  where  kn  is  the 
average  wave  number  of  the  tide. 

The  calculated  wave  number  spectrum  at  tidal  frequency  for 
segment  4  is  shown  in  f  igure  6.  The  most  probable  wave 
solutions  occur  at  peaks  in  the  wave  number  spectrum:  a  peak 
at  wave  number  ( k k, )  represents  a  wave  of  wavelength 
[I  |k,J  +  k,2)'  :]  traveling  in  a  direction  defined  by  a  vector 
drawn  from  the  peak  toward  the  origin.  For  example,  the  peak 
closest  to  the  origin  in  the  southwest  quadrant  of  the  wave 
number  spectrum  (Figure  6)  is  interpreted  as  a  wave  with  an 
average  wavelength  of  36  km  traveling  in  the  direction  of  the 
arrow,  about  25  to  the  east  of  north  The  uncertainty  in  this 
estimate  is  indicated  by  the  broadness  of  the  peak  in  the  beam 
pattern.  The  peak  in  the  northwest  quadrant  that  is  closest  to 
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I  ig  6  Beam  pattern  and  wave  number  speetrum  at  ttdal  frequency  during  segment  4  The  peaks  in  these  figures  are 
the  large  ovals,  and  the  troughs  arc  smaller  teardrop-shaped  regions  Contouring  is  in  3-dB  intervals  down  from  the  peaks 
Circles  in  the  wave  number  spectrum  represent  wave  numbers  of  the  tirsl  live  internal  wave  modes,  and  the  arrow  is  the 
direction  of  propagation  indicated  by  the  peak  closest  to  the  origin  in  the  lower  left-hand  quadrant 


the  origin  also  represents  a  wave  with  a  wavelength  near  36 
km  hut  traveling  toward  the  southeast,  about  155  to  the  east 
of  north  These  two  peaks  closest  to  the  origin  are  the  most 
likely  solutions  All  peaks  farther  from  the  origin  are  interpre¬ 
ted  as  aliases  of  the  main  peaks.  These  aliases  occur  because 
there  may  be  integral  multiples  of  waves  between  the  moor¬ 
ings  in  addition  to  the  fractional  waves  associated  with  the 
peaks  closest  to  the  origin  The  wavelengths  associated  with 
the  aliased  peaks  arc  short.  12  km  or  less  The  true  spectral 
density  at  these  wavelengths  is  likely  to  be  less  than  the  den¬ 
sity  at  longer  wavelengths,  because  we  expect  that  the  longer 
waves  will  be  more  energetic  at  the  point  of  generation  and 
that  they  will  be  less  easily  dissipated  Hence  locally  at  a  depth 
of  50  m.  the  vertical  displacement  ;  during  this  time  can  be 
reasonably  represented  as  a  plane  wave  of  the  form 

2  «  4  cos  [2rTlk,v  k, t  -r  o»„rl  a-  c/> ]  (3) 

where  Ik,.  k,l  are  determined  from  the  beam-forming  analysis 
and  </>  is  the  absolute  phase  Values  of  (k,.  kvl  at  all  peaks  in 
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Tig  7  Comparison  between  isotherm  depth  from  the  towed  ther¬ 
mistor  chain  (see  figure  I  for  low  trackl  and  plane  wave  solutions  (3) 
from  the  two  directions  indicated  by  the  two  peaks  in  the  wave 
number  spectrum  (f  igure  hi  Solid  curves  arc  the  observed  horizontal 
profiles  of  isotherm  depth  for  in  and  h I  two  time  periods  (August  25. 
1620  1740  and  2145  2245  CTi  of  east-to-west  tracks  and  k  and  d) 
(wo  time  periods  (August  27.  1332  1452  and  1902  2022  1,'T)  of  north- 
to-south  tracks  Plus  signs  represent  the  model  plane  wave  solutions 
for  an  internal  wave  propagating  from  Rockall  Hank  Dashed  curves 
represent  the  plane  wave  solutions  from  a  direction  25  to  the  west  of 
north  Start  times  for  the  model  tire  the  same  as  for  figure  5 


the  wave  number  spectrum  iftgure  bl  give  the  same  solution 
for  ,  at  the  three  moorings.  C  omparison  of  this  representation 
with  the  data  for  I  -  10  nt.  <•»„  -  |  12.2  eph  laverage  of  St, 
and  .S', I  is  shown  in  f  igure  5  The  agreement  is  good  in  both 
amplitude  and  phase  except  for  the  last  few  days  at  B2  and 
B4. 

One  may  determine  which  of  the  two  peaks  closest  to  the 
origin  (figure  6)  is  the  most  likely  solution  from  the  location 
of  possible  topographic  internal  wave  generators.  If  the  arrow 
drawn  from  the  peak  in  the  southeast  quadrant  of  the  wave 
number  spectrum  is  superimposed  on  the  topography  in 
figure  I.  it  points  directly  from  Rockall  Bank  toward  the  f  1A 
Hcit/and  cl  ill.  [1969]  showed  that  internal  waves  propagate 
normal  to  bathymetric  contours  regardless  of  the  angle  of 
incidence  of  the  barolropic  wave.  This  is  consistent  with  gen¬ 
eration  at  Rockall  Bank.  An  arrow  drawn  in  the  direction 
indicated  by  the  peak  in  the  northwest  quadrant  of  the  wave 
number  spectrum  does  not  lead  directly  from  any  topographic 
feature. 

The  local  spatial  variation  of  isotherm  depth  provides  an¬ 
other  means  of  distinguishing  between  the  two  most  likely 
solutions  given  by  the  wave  number  spectrum  (figure  6).  Iso¬ 
therms  were  constructed  from  observations  by  a  thermistor 
chain  towed  around  the  moorings  (dotted  line,  f  igure  1 1  for 
two  time  periods  during  segment  4  [see  Baumann  el  ai .  1980], 
Isotherm  depths  from  a  pair  of  repeated  east-to-west  transects 
on  August  25  are  shown  in  f  igures  la  and  lb:  -a  similar  pair 
of  isotherm  profiles  from  a  north-to-south  track  on  August  27 
are  shown  in  figures  7c  and  hi  The  isotherms  were  smoothed 
to  eliminate  small-wavelength  oscillations.  The  plane  wave 
solution  (3)  derived  from  the  wave  number  spectrum  is  com¬ 
pared  with  the  observed  horizontal  profiles  of  isotherm  depth 
(figure  7).  Tht  predicted  displacements  for  the  two  plane 
waves  with  about  36-km  wavelengths,  one  propagating  from 
the  northwest  and  one  from  the  southwest,  arc  plotted.  For 
the  east-to-west  tracks  the  observations  agree  with  a  wave 
propagating  from  Rockall  Bank  better  than  with  a  wave  from 
the  northwest  The  time  interval  between  repeated  tracks  is 
about  6  hours  or  about  one-half  the  tidal  period,  and  the 
tracks  nearly  coincide  with  the  times  of  maximum  (f  igure  hi) 
and  minimum  (f  igure  7b)  tidal  displacement.  The  agreement 
of  observed  displacement  with  the  plane  wave  propagating 
from  Rockall  Bank  is  also  better  for  the  north-to-south  tracks, 
although  for  the  first  track  (figure  7c)  there  is  not  much  to 
distinguish  between  the  two  solutions  Most  of  the  16  tran¬ 
sects  that  were  compared  in  this  manner  indicated  either  a 
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ANGLE  FROM  HORIZONTAL  DEG 

Fig.  H.  S'opes  of  the  topography  corresponding  lo  section  lines  in 
Figure  I  Isolid  curves)  and  of  the  tidal  characteristics  Idculed  curve) 
calculated  from  the  mean  buoyancy  frequency  profile  (Figure  2). 

better  fit  to  the  wave  from  Rockall  Bank  or  not  enough  differ¬ 
ence  in  the  two  solutions  to  choose  a  better  fit  Hence  the  data 
from  the  towed  thermistor  chain  support  the  conclusion  that 
the  tide  can  be  described  locally  as  a  plane  wave  propagating 
from  the  southwest. 

4.  Generation  Modei  and  Comparison 
With  Obsirvaiions 

While  the  internal  tide  may  appear  as  a  plane  wave  on 
small  spatial  scales,  on  larger  scales  we  expect  that  the  corre¬ 
lated  modes  generated  by  interaction  of  the  barotropic  tide 
with  topography  will  produce  a  modulated,  beamhke  pattern. 
Topographic  features  were  examined  lo  determine  their  ef¬ 
fectiveness  as  generators.  The  internal  tide  propagates  along 
characteristics  with  slope  given  by 


The  most  effective  generator  is  one  with  slope  equal  to  or 
greater  than  the  slope  of  the  characteristic  [ Hames.  1974] 
Slopes  of  three  topographic  features  near  the  mooring  array 
are  shown  in  Figure  8,  and  the  corresponding  section  lines  are 
drawn  in  F  igure  1  Also  shown  is  the  slope  of  the  tidal  charac¬ 
teristic  calculated  from  (4)  by  use  of  the  JASIN  mean  buoy¬ 
ancy  profile  (Figure  2).  The  slope  of  Rockall  Bank  (profile  A) 
is  approximately  equal  to  or  steeper  than  the  slope  of  the 
characteristic  over  depths  ranging  from  350  m  to  1400  m. 
which  indicates  that  it  may  be  an  effective  generator.  Lousy 
Bank  to  the  north  of  the  array  (profile  C)  has  one  of  the  least 
steep  slopes  in  the  area  and  is  therefore  not  an  effective  gener¬ 
ator.  George  Bligh  Bank,  located  directly  to  the  west  (profile 
Bl.  and  the  remaining  topographic  features,  located  to  the  east 
of  ihe  moored  array  (Figure  1).  have  slopes  favorable  for  the 
generation  of  an  internal  tide,  but  the  wave  number  spectrum 
indicates  a  low  probability  that  the  observed  internal  tide 
propagated  from  the  west  or  east  during  segment  4 
The  internal  tide  generated  by  Rockall  Bank  was  calculated 
by  use  of  a  model  due  to  Prinsenherq  and  Rattray  [1975].  The 
model  consists  of  a  steplike  shelf  (region  I)  of  depth  //,  and 
width  l.  and  a  deep  ocean  (region  11)  of  depth  H ,  (Figure  9). 
The  solution  in  each  region  is  the  sum  of  a  surface  standing 
wave  (barotropic  tide)  and  a  set  of  progressive  internal  waves 
propagating  away  from  the  shelf  break  Internal  waves  trav¬ 
eling  up  the  shelf  can  be  reflected  at  the  coast  but  arc  not 
expected  to  return  as  far  as  the  shelf  break  [ Prinsenberg  el  al.. 
1974],  The  V  profile  is  taken  to  be  a  function  of  depth  only, 
and  the  internal  waves  in  each  region  are  represented  as  a  sum 
of  horizontally  propagating,  vertically  standing  modes.  The 
vertical  wave  functions  <l>„  and  horizontal  wave  numbers  x„ 
corresponding  to  mode  n  arc  determined  by  solving  the 
boundary  value  problem 
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HORIZONTAL  DISTANCE  (km) 

l  ig  9  Model  topography  (heavy  solid  line).  Rockall  Bank  (light  solid  line),  and  internal  wave  characteristics  (dashed 
curves)  calculated  from  t4)  in  the  deep  ocean  (region  II). 
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Fig  10.  First  live  internal  wave  modes  calculated  from  (5)  at  a  frequency  of  1  12.2  cph.  The  velocity  modes  are  the 
derivative  of  Ihc  verlical  displacement  modes  divided  by  the  wave  number  (Table  2).  Units  on  the  abscissa  are  nondimen- 

sionat. 


with  d>  =  0  at  the  surface  and  bottom  The  first  five  modes  for 
vertical  displacement  and  velocity  in  region  [I  are  shown  in 
Figure  10,  and  wavelengths,  wave  numbers,  and  phase  speeds 
are  given  in  Tahle  .2.  The  vertical  displacement  in  regions  1 
and  II  is  then  given  by  [Prinsenhery  anti  Rattray.  1975,  equa¬ 
tions  1 2  and  1 3] 

V  =  1  -  —  j  COS  K'o’f.v  +  U 

+  V  .4,'  exp  (  -  iK„,.v|<p„l(r)|>i'  ""  (6u| 

^  |  In"(  I  -  jf)c0'i  + 

+  V  exp  (fx„"vl</)„"(c)|<'  (6b) 

where  4„  and  k„  are  the  amplitudes  and  wave  numbers  of  the 
barotropic  tide  and  4„  is  the  amplitude  of  mode  n.  The  pa¬ 
rameter  shifts  the  phase  of  the  barotropic  wave  in  region  II 
to  match  the  horizontal  and  vertical  velocities  of  the  barotro¬ 
pic  wave  in  region  I  at  the  shelf  break  Relationships  between 
the  barotropic  and  baroclinic  amplitudes  are  obtained  by 
matching  the  total  vertical  displacement  and  horizontal  veloc¬ 
ity  above  the  shelf  break.  These  relationships  are  coupled 
matrix  equations  containing  sums  over  an  infinite  number  of 
modes  but  can  be  solved  approximately  for  .4„'  and  .4 
terms  of  4,,'  by  using  a  finite  number  of  modes  The  higher 
modes  mainly  contribute  tine  structure  to  the  solutions  and  in 
general  have  smaller  amplitudes  than  the  lower  modes  In 
particular,  for  the  case  of  constant  .V  the  contribution  of  the 
nth  mode  is  proportional  to  (1  n)  sin  (mrH,  //,|  [ Rattray  et 
al..  1969).  The  amplitude  thus  decreases  roughly  proportion¬ 
ally  to  mode  number  but  has  zeros  at  integer  values  of  n//, 


IABLI  .V  Wave  Numbers,  Wavelengths,  ami  Phase  Speeds  of  the 
First  Five  Internal  Wave  Modes  at  I  12.2  cph 


Mode 

Wave  Number, 
rad  m 

Wavelength, 

km 

Phase  Speed. 

cm  s 

1 

7.45  x  |0  ’ 

84.4 

[92. 

i 

1  24  x  |0  * 

506 

115. 

3 

1 .86  x  10  4 

33.7 

76.7 

4 

2.53  *  10  4 

24.8 

56.5 

5 

2  14  *  10  4 

20.0 

45.6 

H ..  For  realistic  stratification  the  mode  shapes  are  no  longer 
sinusoidal,  and  the  relative  contribution  of  each  mode  is  more 
complicated  than  but  qualitatively  similar  to  the  case  of  con¬ 
stant  V  The  model  of  the  internal  tide  generated  at  Rockall 
Bank  was  obtained  by  increasing  the  number  of  modes  in  the 
sums  (6tt|  and  (6 h)  until  the  solution  for  the  amplitudes  of  the 
first  10  modes  was  not  significantly  changed  by  the  addition  of 
more  modes.  Thirty  modes  were  used.  This  approach  was  vali¬ 
dated  by  comparing  the  simulation  for  constant  N  with  the 
exact  solution. 

One  expects  internal  waves  generated  al  Rockall  Bank  to 
propagate  away  from  the  shelf  break  along  internal  wave 
characteristics,  forming  beams  of  internal  wave  energy.  The 
position  of  the  beams  and  the  amplitude  of  the  internal  tide 
arc  determined  by  the  stratification,  the  frequency  and  ampli¬ 
tude  of  the  barotropic  fide,  and  the  dimensions  of  the  topogra¬ 
phy  If  the  shelf  depth  is  small,  reflection  from  the  surface 
occurs  near  the  shelf  break,  and  the  two  beams  emanating 
from  the  break  combine  into  a  single  beam  [e.g..  Rattray  et  at., 
1969]  In  the  present  analysis,  Rockall  Bank  is  approximated 
by  a  steplike  shelf  with  constant  depth  on  each  side.  The 
actual  topography  is  compared  to  this  approximation  in 
Figure  9.  A  sharp  discontinuity  in  depth  eliminates  the  gener¬ 
ation  from  internal  waves  along  the  slope  between  the  shelf 
break  and  the  ocean  floor.  The  effect  of  the  weak  generation 
along  the  slope  is  a  broadening  of  the  beams  [Prinsenbery  anti 
Rattray.  1975]  The  depth  at  which  Rockall  Bank  becomes 
steeper  than  the  slope  of  the  internal  wave  characteristics, 
about  250  m.  was  used  as  the  shelf  depth  //,  The  depth  of  the 
shelf  determines  the  tangent  point  of  the  characteristics  to  the 
topography,  affecting  the  horizontal  position  of  the  beams 
The  shelf  width  controls  the  phase  of  the  barotropic  standing 
wave  in  region  I  over  the  shelf  break  and  sets  the  amplitude  of 
the  baroclinic  tide  relative  to  the  barotropic.  while  leaving  the 
details  of  the  solution  relatively  unaffected.  A  standing  wave 
over  a  shelf  may  not  be  the  best  representation  of  the  barotro¬ 
pic  tide,  because  there  is  no  true  coast,  although  Rockall 
Island  surfaces  about  50  km  to  the  south  of  the  shelf  break 
Rather  than  a  detailed  modeling  of  the  local  modification  of 
the  barotropic  tide  by  the  surrounding  topography,  the  model 
shelf  width  was  treated  as  a  free  parameter  The  need  to  adjust 
the  shelf  width  is  an  artifact  of  approximating  the  topography 
of  Rockall  Bank  by  a  step  shelf.  Given  a  surface  tide  with  an 
amplitude  of  about  1  m  in  deep  water  [ Cartwright  ct  al.. 
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Fig.  1 1  Vertical  displacement  as  a  function  of  horizontal  distance 
from  Rockall  Bank  calculated  from  161  using  the  model  of  Prinsenhera 
and  Rattray  [  I 5 J  with  a  frequency  of  1  12.2  cph.  a  shelf  depth  of 
750  m,  and  a  shelf  widih  of  750  km  Superimposed  are  internal  wave 
characteristics  calculated  from  (4)  The  envelope  of  vertical  displace¬ 
ment  (dashed  curves)  is  shown  at  depths  of  50.  200.  600.  1000.  and 
1400  m  together  with  vertical  displacement  at  four  times  separated  bv 
one-eighth  the  tidal  period  A  vertical  displacement  of  1  m  is  repre¬ 
sented  by  5  m  on  the  ordinate 

1980].  a  shelf  width  of  350  km  was  chosen  to  yield  modeled 
amplitudes  in  agreement  with  the  observed  internal  tide  dis¬ 
placements  at  the  B  moorings 

The  stratification  and  the  frequency  of  the  barolropic  tide 
affect  the  width  and  horizontal  position  of  the  beam  by  con¬ 
trolling  the  slope  of  the  characteristics  given  by  (4).  In  the 
present  analysis  we  choose  a  frequency  of  1  12.2  cph  (average 
of  M 2  and  S2k  in  agreement  with  the  data  (F  igure  5).  The 
dominant  components  of  the  barotropic  tide  are  M 2  and  S2. 
and  the  amplitude  of  S2  is  38"..  of  M2  [ Cariwrit/hl  el  al.. 
1980].  The  N  profile  (Figure  2)  is  taken  to  be  horizontally 
uniform.  (Horizontal  variation  of  ,V  can  affect  the  position  of 
the  characteristics  [Toryrimson  and  Hickey.  1979],  However, 
the  effect  of  the  horizontal  variation  of  N  could  not  be  as¬ 
sessed.  because  N  was  not  well  sampled  in  the  vicinity  of 
Rockall  Bank  during  JASIN. 

The  spatial  variability  in  vertical  displacement  associated 
with  the  modeled  internal  tide  is  illustrated  in  F-igure  II.  On 
the  large  scale,  regions  of  high  vertical  displacement  tend  to 
follow  the  characteristics  to  form  beams  of  internal  wave 
energy.  Maximum  values  of  vertical  displacement  exceed  25  m 
in  the  beams.  The  internal  tide  at  the  depth  of  the  B  moorings 
(50  ml  has  wavelengths  of  about  40  km.  However,  at  1000  m 
the  dominant  horizontal  wavelengths  are  70  km  and  longer. 

The  modeled  horizontal  velocity  field  is  shown  in  Figure  12. 
There  is  large  spatial  variation  with  amplitudes  ranging  from 
zero  to  25  cm/s.  Velocity  contours  tend  to  be  parallel  to  the 
internal  wave  characteristics,  and  the  highest  velocities  arc 


found  in  the  beams,  near  the  surface,  and  near  the  bottom 
where  the  beams  cross  and  reflect.  The  beamlike  structure 
becomes  more  tenuous  with  increasing  distance  from  the 
source.  The  high-velocity  region  around  50  m  depth  is  associ¬ 
ated  with  the  pycnocline  and  the  peak  in  mode  2  (Figure  10). 
The  phase  of  the  horizontal  velocity  is  shown  in  Figure  12b. 
Lines  of  constant  phase  tend  to  parallel  the  beams,  and  phase 
changes  most  rapidly  perpendicular  to  the  beams.  Amphi- 
dromes  occur  at  locations  of  vanishing  velocity  amplitude. 

The  vertical  structure  of  the  modeled  internal  tide  is  further 
illustrated  in  Figure  13.  which  shows  the  horizontal  wave 
number  composition  of  vertical  displacement  (Figure  13b|  and 
horizontal  velocity  (Figure  13u)  at  various  depths.  The  contri¬ 
bution  from  each  of  the  modes  is  a  strong  function  of  depth, 
varying  over  an  order  of  magnitude  or  more  at  wavelengths 
corresponding  to  each  of  the  first  10  modes  At  a  given  depth, 
mode  1  is  not  always  dominant.  At  depths  of  200  and  1400  m 
the  dominant  contributions  to  the  variance  of  vertical  dis¬ 
placement  are  from  mode  4.  The  dominant  contribution  to  the 
tidal  velocity  variance  at  a  depth  of  1000  m  comes  from  mode 
3.  Even  when  the  first  mode  is  dominant,  there  are  often  sig¬ 
nificant  contributions  from  mode  2.  3.  or  4. 

The  modeled  vertical  displacement  associated  with  the  in¬ 
ternal  tide  is  compared  with  observed  isotherm  displacement 
at  the  B  moorings  in  Figure  14  The  start  time  for  the  model, 
which  fixes  the  absolute  phase  of  the  tide,  was  chosen  to  fit  the 
data.  Even  with  the  large  horizontal  and  vertical  variability 
predicted  by  the  model,  the  relative  phases  at  the  three  moor¬ 
ings  are  in  good  agreement  during  segment  4  (Table  21.  al¬ 
though  the  observed  amplitude  of  vertical  displacement  at 
moorings  Bl  and  B2  is  slightly  higher  than  the  modeled  am¬ 
plitude. 

The  modeled  vertical  displacement  can  also  be  compared  to 
observed  horizontal  profiles  of  isotherm  depth  from  the  towed 
thermistor  chain  (Figure  7).  Using  the  same  start  time  and 
depth  as  in  Figure  14.  vertical  displacement  was  calculated  for 
each  of  the  16  tow  transects  for  a  tide  propagating  25  to  the 
east  of  north.  Two  pairs  of  transects  are  shown  in  Figure  15. 
with  Figure  1 5c-  included  as  a  worst  case.  Most  of  the  model 
transects  are  in  reasonable  agreement  in  average  depth  with 
the  tows,  considering  that  the  higher  wave  number  oscillations 
evident  in  some  of  the  tow  tracks  may  not  be  associated  with 
the  tide.  The  model  also  assumes  that  there  is  no  along-shelf 
variation  and  that  wave  crests  are  always  parallel  to  the  shelf. 
Curvature  of  the  wave  crests  is  not  taken  into  account 

The  large  spatial  variability  evident  in  the  modeled  velocity 
field  was  also  seen  in  the  velocity  measured  in  the  JASIN  area. 
The  amplitude  of  the  component  of  the  tidal  velocity  perpen¬ 
dicular  to  Rockall  Bank  measured  from  the  W  and  I  moorings 
[Tarbell  et  al..  1979]  during  segment  4  is  compared  to  the 
velocity  amplitudes  predicted  by  the  model  in  Figure  1 2a.  The 
measured  and  modeled  amplitudes  are  tabulated  in  Table  4 
The  differences  between  the  amplitudes  are  less  than  2  cm  s  at 
nine  out  of  the  1 1  locations.  Even  though  the  differences  arc 
usually  small,  measured  amplitudes  exceed  modeled  ampli¬ 
tudes  at  all  except  two  locations.  The  measured  amplitudes 
may  be  overestimates  because  of  the  presence  of  energy  from 
other  sources  in  the  tidal  frequency  band.  Some  of  the 
measurements  were  at  locations  where  the  model  predicts 
strong  gradients  in  amplitude  (Figure  I2u).  Relatively  minor 
shifts  in  position  of  strong  gradients  by  processes  neglected  in 
the  model  would  cause  differences  between  the  measurements 
and  the  model.  Given  the  uncertainties  in  the  measurements 
and  the  complexity  of  the  velocity  field  generated  by  an  ideal¬ 
ized  model,  the  agreement  between  observations  and  theory  is 
good. 


25KK 


utWin  i:L  ai.  Inii.knal  Tim  is  JASIN 


HORIZONTAL  DISTANCE  (km) 

Fig  12.  lul  (he  amplitude  of  horizontal  velocity  (baroclmic  plus  barotropic!  and  (b|  phase  of  horizontal  velocity 
generated  by  interaction  of  the  barotropic  tide  with  Rockall  Bank  Iniodel  of  Primenbern  and  Rattray  j  JV75ji  as  a  function 
tif  horizontal  distance  from  Rockall  Bank  The  amplitude  of  horizontal  velocity  perpendicular  to  Rockall  Bank  at  tidal 
frequency  from  current  meters  at  moorings  Id.  Wl.  W2.  and  14  during  segment  4  is  superimposed  (circles!  on  contours  of 
the  model  velocity  Model  parameters  arc  given  in  connection  with  f  igure  II  Contour  intervals  arc  I  cm  s.  Areas  of  no 
shading  are  regions  where  velocities  are  less  than  5  cm  s.  of  medium  shading  5  7  cm  s.  and  of  dark  shading  greater  than  7 
cm  s  The  shading  at  each  instrument  is  on  the  same  scale  and  indicates  the  amount  of  energy  in  the  tidal  band  (Table  4i 


5.  Disci  ssitts. 

The  analysts  (section  3|  of  the  energetic  oscillations  of  iso¬ 
therm  displacement  observed  at  the  B  moorings  showed  that 
the  internal  tide  had  a  horizontal  wavelength  of  36  km  at  a 
depth  of  50  m  within  the  moored  array.  This  wavelength  may 
be  compared  with  the  wavelengths  associated  with  the  vertical 
mode  solutions  (61  for  horizontally  propagating  free  waves. 
The  wave  numbers,  wavelengths,  and  phase  speeds  of  the  first 
five  vertical  modes  at  tidal  frequency  are  given  in  Table  3.  and 
circles  have  been  drawn  on  the  wave  number  spectrum  (Figure 
6)  to  represent  the  wave  number  of  each  mode  The  mode  3 
circle  nearly  intersects  the  center  of  each  of  the  two  peaks  m 
the  wave  number  spectrum  which  are  closest  to  the  origin 
Flence  within  the  FI  A  at  a  depth  of  50  m  the  vertical  displace¬ 
ment  appears  to  have  the  wavelength  of  a  mode  3  plane  wave. 
This  result  may  not  be  valid  in  other  regions  because  of  the 
beamltke  nature  of  (he  internal  tide  (Figure  1 1 1 


The  modeled  spatial  variability  of  semidiurnal  tidal  ampli¬ 
tude  and  wavelength  (Figures  I  I  and  121  illustrates  the  poten¬ 
tial  for  error  when  describing  the  internal  tide  based  on  sparse 
measurements  We  observed  a  wavelength  characteristic  of 
mode  3  at  a  depth  of  50  m  within  the  B  moored  array.  This 
wavelength  is  consistent  with  the  model  at  the  B  moorings 
(Figure  14  and  Table  2|.  but  K  is  impossible  to  generalize  to 
other  depths  and  locations  because  of  the  spatial  variability 
expected  on  the  basis  of  (he  model  (Figures  I  I  and  12).  Ai  50 
m  depth,  mode  2  is  dominant  in  the  model  (Figure  131.  but  the 
dominant  wavelength  measured  in  a  particular  region  may  not 
be  characteristic  of  mode  2.  e  g  within  (he  B  array.  If  the  B 
moorings  had  been  located  50  km  closer  to  Rockall  Bank,  the 
model  predicts  that  the  measured  horizontal  wavelength 
would  have  been  much  longer  than  36  km  (Figure  111  Al¬ 
though  mode  1  is  dominant  in  the  aggregate,  movies  as  high  as 
4  may  dominate  at  a  particular  depth  (Figure  1  3 1 

Independent  estimates  of  the  horizontal  wavelength  of  the 
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internal  tide  were  made  during  IANIN  by  Pollard  [19X5/i] 
Fhese  observations  were  made  I  week  after  segment  4.  It)  40 
km  west  of  the  HA  at  depths  of  14  42  m  from  a  drifting  spar 
buoy.  Pollard  reported  that  the  internal  tide  had  a  horizontal 
wavelength  of  25  50  km.  corresponding  to  mode  5  or  4.  con¬ 
sistent  with  analysis  of  the  B  moorings 

file  inconsistencies  in  previous  descriptions  of  the  internal 
tide  may  have  been  caused  by  the  attempt  to  generalize  from 
sparse  measurements  In  the  deep  ocean  far  from  : ar-e  topo¬ 
graphic  features,  such  as  continental  shelves,  the  internal  tide 
is  traditionally  thought  to  be  composed  of  a  few  surviving  low 
modes  which  have  become  uncorrelated  (  sing  this  assump¬ 
tion  in  the  analysis  of  data  from  Mid-Ocean  Dynamics  Fxper 
iment  tMODI  I.  Hendry  |  1977]  found  most  energy  in  mode  I. 
He  identified  Blake  Plateau  700  km  to  the  west  as  the  source 
of  the  IhO-km  wavelength  tide  In  contrast,  mid-ocean  obser¬ 
vations  m  the  Pacific  from  the  Pole  experiment  (55  N,  155  Wl 
|  Simpson  and  Paulson.  I479|  and  the  Mixed  l  ayer  Experi¬ 
ment  lMll.Fl  (50  N.  145  Wl  [Pans  et  al .  14X1]  indicate  that 
modes  higher  than  I  were  probably  present,  because  10-m 
vertical  displacements  were  found  in  the  upper  100  m  at  semi¬ 
diurnal  frequency  If  the  vertical  structure  were  entirely  mode 
I  this  would  imply  a  maximum  amplitude  at  middepth  of  at 


least  40  m.  which  may  be  unrealistically  large  From  measure¬ 
ments  of  horizontal  coherence  in  the  mid-Pacitic  by  Harnett 
atnl  Bernstein  [1975],  Simpson  and  Paulson  [1479]  estimate  a 
horizontal  wavelength  of  55  l.m.  corresponding  to  a  wave  of 
order  mode  5.  One  explanation  for  the  differences  among 
these  midocean  determinations  of  the  structure  of  the  internal 
tide  may  be  differences  in  sampling  llemlrv  [1977]  may  not 
have  found  significant  energy  in  modes  higher  than  I.  because 
he  lacked  data  in  the  uppei  400  m  where  higher  modes  may 
dominate.  I  he  spatial  complexity  of  the  modeled  internal  tide 
(Figures  1 1  and  1 2 1  illustrates  the  difficulty  of  determining  the 
characteristics  of  the  tide  from  sparse  measurements 

I  he  sampling  problem  is  further  compounded  by  temporal 
variability  l.arge  temporal  variation  in  the  internal  tide  was 
observed  at  the  B  moorings  (Figure  4).  Ketzler  |  19X5]  also 
found  significant  variation  in  the  amplitude  of  the  semidiurnal 
tide  on  time  scales  of  a  week  during  JASIN.  The  observations 
consisted  of  horizontal  velocity  measured  from  July  IX  to 
August  2X  at  six  depths  at  the  Kl  mooring  (Figure  ll  in  the 
I  IA  The  depths  ranged  from  70  to  9X0  m.  The  variation 
observed  at  70  m  depth  is  qualitatively  similar  to  the  variation 
in  the  variance  of  vertical  displacement  shown  in  Figure  4  In 
particular,  there  was  an  increase  by  a  factor  of  5  in  the  ampli- 
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Fig.  13.  Modal  composition  of  (ill  horizontal  velocity  and  (h)  verlical  displacement  for  the  lirst  10  internal  wave  modes 
in  the  deep  ocean  from  the  model  of  Vrinsencrq  and  Rattray  [1975]  (see  Figure  1 1  for  model  parameters!. 


Hide  of  the  semidiurnal  tide  at  70  m  during  the  week  (August 
72  29)  when  the  variance  of  vertical  displacement  was  also 
high  IFigure  4).  The  vertical  variation  of  semidiurnal  tidal 
amplitude  during  this  week  was  qualitatively  similar  to  the 


Fig.  14.  Time  series  of  2-hour  moving  averages  of  isotherm  depth 
with  a  mean  of  50  m  during  segment  4  (solid  curve).  The  modeled 
plane  wave  [Hrimenherti  and  Rattray.  1975]  is  shown  as  a  dashed 
curve  (See  Figure  1 1  for  model  parameters.)  The  isotherms  arc  10.8  C 
at  Bl.  10.6  C  at  H2.  and  10.0  ('  at  H4 


modeled  vertical  variation  IFigure  12)  at  the  location  of  the 
K1  mooring  (Figure  If  I  he  observed  amplitude  was  a  maxi¬ 
mum  near  the  surface  ( 10  cm  s  at  70  ml  and  decreased  to  low 
values  (2  4  cm  s|  at  depths  of  480  m  and  below  These  ampli¬ 
tudes  and  their  variation  compare  favorably  with  the  mea¬ 
sured  and  modeled  amplitudes  (  Fable  4  and  Figure  12)  at  the 
W  I  ttnd  W2  moorings,  which  were  less  than  5  km  away  from 
Kl  (Figure  I).  The  results  of  Ket/.ler's  analysis  are  consistent 
with  ours  and  provide  additional  support  for  the  model 

The  1-week  period  of  tidal  oscillations  which  we  analyzed 
appears  to  be  unusually  energetic  (Figure  4|  In  his  review 
paper.  Iliim  It  [1975]  remarks  "...  the  most  common  obser¬ 
vation  is  that  the  internal  tides  tend  to  come  and  go.  i.e .  they 
appear  to  be  intermittent  "  There  are  several  possible  causes  of 
intermittcncy.  The  generation  process  may  be  affected  by  vari¬ 
ations  in  the  magnitude  of  the  surface  tide  and  fluctuations  of 
density  and  velocity  in  the  region  of  generation  (  Buna's.  1982] 
Once  generated,  the  high-energy  beams  may  be  refracted,  re¬ 
flected.  or  trapped  by  fluctuations  of  density  and  velocity 
along  the  paths  of  propagation  [e  g..  Mutters.  1975],  In  JASIN 
the  1-week  energetic  period  nearly  coincides  with  a  maximum 
in  the  surface  tide  (Carmrit/hi  et  ai.  1980]  However,  the 
amplitude  of  the  surface  tide  changes  slowly  and  by  no  more 
than  30"..  during  the  5  weeks  of  observations.  It  is  more  likely 
that  the  intermittcncy  is  caused  by  shifting  of  the  beams  of 
internal  wave  energy  due  to  fluctuations  in  density  and  veloci- 
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Fig.  15.  Comparison  between  tow  tracks  (KO  mini  in  duralionl 
shown  in  Figure  I  and  the  model  so''ilion  [  Prinsenherg  and  Ratirav. 
1975J.  Solid  curves  are  the  observed  horizontal  profiles  for  (u  and  b) 
two  time  periods  (August  25.  1620  1740  and  2145  2245  L'Tl  of  cast  - 
to-west  tracks  and  (c  and  J i  two  time  periods  (August  27.  1532  1452 
and  1902  2022  L'Tl  of  north-to-south  tracks  Plus  signs  represent  the 
model  solution  for  an  internal  wave  generated  at  Rockall  Bank  and 
propagating  toward  25  to  the  east  of  north  Start  times  for  the  model 
are  the  same  as  fir  Figure  14 

tv  associated  with  mesoscale  eddies  (described  by  Pollard 
[1983<j])  in  the  JASIN  area. 

The  temporal  variation  of  the  tidal  velocity  amplitude  at 
the  K.I  mooring  {kcizler  [ 1 9x.t  J.  described  above)  is  consis¬ 
tent  with  a  horizontal  shilling  of  beams  of  internal  wave- 
energy.  During  the  1-week  period  analyzed  here  the  tidal  ve¬ 
locity  amplitude  at  70.  170.  and  270  m  depth  at  K1  was  high, 
a  factor  of  2  3  times  higher  than  during  the  first  month  of 
observation.  The  amplitude  at  980  m  during  the  same  week, 
however,  was  low.  A  8  times  lower  than  during  the  previous 
weeks  From  Figure  12u.  if  the  beam  reached  the  surface  after 
its  first  reflection  just  slightly  closer  to  Rockall  Bank,  then  the 
pattern  of  high  and  low  velocities  measured  with  depth  at  the 
FTA  would  be  entirely  different.  The  shallow  sensors  would  be 
located  in  a  region  of  low  velocity,  and  the  deeper  ones  in  a 
region  of  higher  velocities.  This  may  have  been  the  case  during 
the  last  few  weeks  in  July  at  K I 

There  is  indirect  evidence  that  changes  in  the  magnitude  of 
the  internal  tide  during  JASIN  may  have  been  associated  with 
changes  in  the  eddy  field.  The  velocity  near  the  thermistor 
chain  moorings  changed  direction  (northwest  to  southwest) 
from  August  20  to  22  [Weller  and  Halpern.  I983j,  just  before 
the  onset  of  the  large-amplitude  tidal  oscillations.  This  nearly 
simultaneous  occurrence  may  have  been  fortuitous.  There  is 
probably  not  enough  information  to  determine  a  cause  and 
effect  relationship.  In  any  case,  an  investigation  of  the  effects 
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of  the  eddy  field  on  the  internal  tide  is  beyond  the  scope  of 
this  paper. 

Little  is  known  about  the  role  of  the  internal  tide  in  moving 
the  interior  [llendersholi.  1981],  although  Haim  s  (  1974]  sug 
gests  that  mixing  driven  by  tidal  shear  is  easily  achieved  I  he 
model  predicts  large  velocity  shear  in  the  beams  and  near  the 
surface  (Figure  12<r)  which  may  contribute  to  mixing  A  mea¬ 
sure  of  the  potential  for  overturning  is  the  Richardson  number 
.V2  (r'|u|  t'z)2.  where  u  is  the  horizontal  velocity  of  the  internal 
tide.  Contours  of  a  minimum  Richardson  number  over  a  tidal 
cycle  are  shown  in  Figure  Iff  The  contours  tend  to  parallel 
internal  wave  characteristics,  with  lower  Richardson  numbers 
occurring  along  the  beams  which  emanate  from  the  shell 
break  The  greatest  potential  for  the  internal  tide  to  contribute 
to  mixing  exists  near  the  surface  where  Richardson  numbers 
less  than  2  are  found  P  ven  though  a  Richardson  number  of  2 
is  not  subcrttical.  the  addition  of  shear  from  other  sources  or 
tine  structure  in  the  vertical  density  profile  could  cause  mixing 
The  model  neglects  nonlinear  processes  which  could  also  con¬ 
tribute  to  mixing 

('  Si  xi vi  v k  v 

We  have  presented  the  results  of  an  investigation  of  the 
internal  tide  The  investigation  included  an  analysis  of  obser¬ 
vations  in  the  Rockall  Channel  during  the  JASIN  experiment, 
simulation  of  the  generation  and  propagation  of  the  internal 
tide  by  use  of  a  model  {Prin\enhera  and  Raira\.  I9’5]  and 
comparison  of  the  model  with  observations 

I  he  internal  tide  was  exceptionally  energetic  in  the  upper  so 
m  during  the  l-week  period  chosen  for  analysis  (Figure  4i 
Analysis  of  vertical  displacement  of  isotherms  observed  by  an 
array  of  three  moored  thermistor  chains  i Figure  1 1  and  a 
towed  thermistor  chain  showed  that  the  internal  tide  al  a 
depth  of  5()  m  within  the  array  propagated  from  the  direction 
of  Rockall  Bank,  about  loo  km  away  Because  of  Us  location 
and  favorable  topography  (I  igure  Si.  Rockall  Bank  was  iden¬ 
tified  as  the  source  ol  the  observed  internal  tide 

I  he  internal  tide  generated  by  the  interaction  of  the  baro- 
tropic  tide  with  Rockall  Bank  was  simulated  by  use  of  a 
model  due  to  Prmwnberi)  and  Ralira\  [197.5],  vvhich  has  a 
step  shelf  and  a  depth-dependent  buoyancy  frequency  The 
modeled  internal  tide  exhibits  a  large  degree  of  spatial  varia¬ 
bility  (Figures  I  I.  12.  and  I  3 1  which  is  associated  with  beams 
propagating  from  the  shelf  break  along  internal  wave  charac¬ 
teristics  (Figure  9 1  1  idal  energy  is  also  concentrated  near  the 
surface,  in  association  with  the  seasonal  pycnochne  In  the 
aggregate  most  of  the  modeled  tidal  energy  is  in  the  first 
mode,  but  at  particular  depths,  modes  as  high  as  4  (wave¬ 
lengths  of  25  knn  contain  most  of  the  cneigy  (Figure  13).  The 
spatial  variability  in  the  modeled  amplitudes  and  wavelengths 
illustrates  the  potential  lor  error  when  drawing  conclusions 
about  the  structure  of  the  internal  tide  from  sparse  observa- 


TABl.F  4.  Amplitude  of  Flon/vinta!  Tidal  Velocity  Perpendicular  to  Rockall  Bank  Measured  al 
Current  Meters  Shown  in  Figure  I 


Distance 

From 

Depth,  m 

Mooring 

Rockall 
Bank,  km 

in 

100 

2(H)  3(H) 

HHK) 

13 

52 

4.2  (2.4) 

3  1  (2  61 

9  5  {9  3) 

WI 

107 

8.5  (14.0) 

7.5  16.0)  7.2  14  61 

4  5  1 3.2) 

W2 

109 

1 7.X  (16  5) 

14 

130 

6.5  (4.8) 

ft  1  (4  9* 

5  7  1 7  M 

Amplitudes  are  in  centimeters  per  second.  Data  from  moorings  13.  WI.  and  W'2  are  averaged  over  a 
7-day  period  from  August  22  to  29  (segment  41  and  from  mooring  14  over  a  5j-day  period  starting  from 
August  22.  Amplitudes  ill  parentheses  are  from  the  model  (Figure  I II 
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Hu  16  Minimum  Richardson  number  t  .V :  (<*:n|  <\-r)  over  a  tidal 
cycle  calculated  from  the  velocity  field. 


lions  Calculation  of  the  field  of  a  minimum  Richardson 
number  associated  with  the  model  (Figure  16)  shows  that  the 
internal  tide  can  contribute  to  mixing  near  the  surface  where 
beams  of  tidal  energy  are  reflected. 

There  is  good  agreement  between  the  modeled  internal  tide 
and  the  1-week  period  of  energetic  displacements  observed  at 
the  B  moorings  100  km  from  Rockall  Bank  (Figure  14).  In 
addition,  tidal  velocity  variance  measured  during  the  same 
week  at  depths  ranging  from  10  to  1000  m  also  agrees  with  the 
model  (f  igure  12</  and  Table  4).  We  conclude  that  a  relatively 
simple  theory  [Prinsenhern  and  Rattray.  1975]  can.  under 
some  conditions,  successfully  simulate  the  internal  tide  al  dis¬ 
tances  up  to  100  km  from  the  point  of  generation. 
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ABSTRACT 

Subsurface  temperature  data  and  surface  meteorological  data  are  analyzed  from  thermistor  chain  moorings 
deployed  near  50°N.  I40°W  during  the  Storm  Transfer  and  Response  Experiment  (STREX).  The  upper-ocean 
heat  and  potential  energy  (PE)  contents  to  90  m  are  examined  for  an  18-day  period  and  their  changes  compared 
to  the  sources  and  sinks  of  heat  and  turbulent  kinetic  energy  (TKE).  Heat  and  TKE  do  not  balance  in  the 
vertical  dimension  alone.  The  heat  content  change,  for  example,  averages  -200  W  m  J  while  the  net  cooling 
at  the  surface,  estimated  from  bulk  formulas  for  latent  and  sensible  heat  fluxes  and  radiation  measurements, 
averaged  only  -86  W  m-2.  Advection  of  heat  and  PE,  in  either  the  vertical  or  horizontal,  play  major  roles  in 
the  budgets  of  this  area.  We  describe  a  method  for  using  the  large-scale  wind  stress  and  SST  data  around  the 
site  to  compute  the  advection  in  the  Ekman  layer  and  close  the  heat  (to  23%)  and  TKE  (to  24%  )  budgets. 

Though  the  heat  and  PE  contents  exhibit  long-term  trends,  there  are  two  marked  events  associated  with 
storms  on  1 5  and  27  Nov  ember  1980  that  account  for  much  of  the  overall  cooling  and  PE  change.  The  advection 
estimates  mimic  the  episodic  character  of  the  heal  and  PE  contents  and  are  clearly  important  on  the  short, 
storm  lime  scale  The  relative  contributions  of  horizontal  and  vertical  advection  are  quite  different  for  the  two 
storms,  showing  that  the  upper-ocean  response  very  much  depends  on  the  proximity  and  orientation  of  the 
storm  as  it  moves  past  the  observational  site. 

The  TKE  budget  is  complex,  and  some  terms  can  only  be  estimated  by  uncertain  parameterizations  so  that 
the  relative  importance  of  surface  production,  shear  production,  and  advection  is  unclear.  Still,  the  fact  emerges 
that  mixed  layer  deepening  is  dominated  by  wind-forcing  even  during  the  season  of  significant  cooling. 


I.  Introduction 

In  this  paper  we  attempt  to  close  the  budgets  of  heat 
and  turbulent  kinetic  energy  for  the  upper  ocean  at  the 
site,  near  50°N.  140°W.  of  thermistor  chain  moorings 
deployed  as  part  of  the  Storm  Transfer  and  Response 
Experiment  (STREX)  in  the  North  Pacific  during 
Novemer  1980.  The  turbulent  kinetic  energy  balance 
can  be  used  to  relate  changes  of  potential  energy  of  the 
water  column  to  sources  (wind  stirring,  convection) 
and  sinks  (dissipation)  of  kinetic  energy.  The  nature 
of  these  relations  is  at  the  heart  of  mixed  layer  dy¬ 
namics. 

The  sources  of  data  are  as  follows: 

(i)  Thermistor  chain  time  series  of  temperature  at 
many  depths  between  the  surface  and  143  m  and  used 
to  calculate  heat  and  potential  energy  changes  of  the 
water  column; 

(ii)  High  quality  surface  meteorological  data  from 
a  surface  buoy  and  from  two  research  vessels  operating 
in  the  area,  used  to  estimate  components  of  heat  flux, 
radiation,  surface  wind  stress,  and  production  of  kinetic 
energy  by  wind  stirring  and  convection; 

(iii)  Lesser  quality  surface  meteorological  data, 
mainly  of  sea  level  pressure  and  air  and  sea  tempera¬ 
ture.  obtained  from  a  network  of  ships  of  opportunity 


and  other  platforms  and  used  to  estimate  surface  tem¬ 
perature  gradients  and  the  horizontal  distribution  of 
surface  wind  stress.  More  details  on  the  data  sources 
and  processing  are  given  in  Section  2. 

Tully  and  Giovando  (1963)  and  Tabata  (1965)  ex¬ 
amined  the  average  annual  heat  budget  of  the  upper 
ocean  at  Ocean  Weather  Station  P.  very  near  the  site 
of  the  present  experiment,  and  concluded  that  over  an 
average  year  there  should  be  a  net  heat  gain  of  32  W 
nrT2  resulting,  mainly,  from  the  winter  months  when 
only  50%  of  the  observed  heat  loss  is  accounted  for  by 
the  surface  heat  flux.  Since  secular  warming  of  the  water 
column  is  not  observed  and  the  apparent  net  heating 
is  iess  than  20%  of  the  maximum  flux  estimates,  this 
disparity  is  arguably  within  the  experimental  certainty 
of  the  heat  transfer  estimates.  It  is  also,  however,  qual¬ 
itatively  consistent  with  the  idea  of  equatorward  export 
of  heat  by  wind  drift  in  the  surface  layer.  In  the  past, 
emphasis  has  been  placed  on  one-dimensional  models 
that  neglect  the  influence  of  advection  processes.  Camp 
and  Elsberrv  (1978)  concluded  that  both  vertical  and 
horizontal  advection  of  heat  could  be  neglected  for 
most  of  the  weather  ship  data  that  they  investigated. 
Denman  and  Miyake  (1973)  and  Davis  et  ai  (1981a) 
discounted  the  importance  of  horizontal  advection  in 
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the  summer  heat  budget  near  Station  P,  and  other  in¬ 
vestigators  (Gili  and  Niiler,  1973;  Emery,  1976;  Stev¬ 
enson  and  Niiler,  1983)  concluded  that  it  plays  a  minor 
role  in  the  seasonal  changes  of  heat  content  in  the 
northeastern  Pacific  Ocean. 

Kraus  and  Turner  (1967)  produced  a  theory  of  the 
ocean  mixed  layer  based  on  the  heat  balance  and  cer¬ 
tain  parameterizations  of  the  source  and  sink  terms  in 
the  turbulent  kinetic  energy  budget.  Denman  and  Mi¬ 
yake  (1973)  applied  this  theory  to  an  analysis  of  a 
month-long  series  of  bathythermograph  profiles  at  Sta¬ 
tion  P  and  obtained  what  they  considered  agreement, 
although  this  has  been  criticized  (Thompson,  1976). 

Elsberry  and  Camp  (1978)  give  evidence  showing 
that  the  seasonal  changes  in  mixed  layer  temperatures 
and  thicknesses  are  mostly  the  result  of  episodic  storms. 
Price  et  al.  (1978)  achieved  success  in  modeling  data 
from  the  Gulf  of  Mexico  on  the  response  of  the  mixed 
layer,  on  the  several-day  time-scale,  to  a  hurricane;  they 
assumed  heat  and  momentum  balance  and  a  critical 
bulk  Richardson  number  for  the  inertial  oscillations 
in  the  mixed  layer,  following  Pollard  el  al.  (1973).  In 
a  simple  laboratory  experiment  on  turbulent  convec¬ 
tion,  Deardorff  et  al.  (1969)  used  the  assumption  of 
heat  balance  to  relate  entrainment  of  a  boundary  layer 
heated  from  below  to  the  driving  heat  flux.  Moore  and 
Long  (1971)  and  Kato  and  Phillips  (1969)  used  similar 
tactics  to  relate  entrainment  to  surface  shear  stress. 
Davis  et  al.  (1981a,b)  also  verified,  although  working 
with  field  data  during  late  summer  from  a  mooring 
near  Station  P,  a  kind  of  one-dimensional  heat  bal¬ 
ance — modified  by  vertical  advection  of  cold  water 
from  below — before  comparing  changes  in  potential 
energy  to  parameterizations  of  wind  stirring.  Niiler  and 
Kraus  (1977)  reviewed  theories  of  the  bulk  mixed  layer 
and  showed  how  they  all,  including  ad  hoe  critical 
Richardson  number  models,  amounted  in  physical 
terms  to  statements  about  the  turbulent  kinetic  energy 
balance. 

In  Section  3  we  examine  the  heat  balance  during 
the  deployment  of  our  thermistor  chain  array  in  late 
autumn.  We  estimate  the  effect  of  advection  in  this 
balance  and  argue  that  it  makes  a  very  important  con¬ 
tribution  that  comes  in  episodes  associated  with  storms. 
In  Section  4.  analogously,  we  examine  the  turbulent 
kinetic  energy  balance  from  our  data  set,  again  paying 
close  attention  to  the  effect  of  advection. 

2.  The  experiment 

The  Storm  Transfer  and  Response  Experiment 
(STREX)  was  a  joint  meteorological-oceanographic 
experiment  carried  out  in  the  northeastern  Pacific 
Ocean  during  November  and  December  1980  in  order 
to  examine  the  response  of  the  atmospheric  and  oceanic 
boundary  layers  to  the  passage  of  storms  (Fleagle  et 
al..  1982).  In  this  study  we  have  drawn  on  data  acquired 


and  analyses  carried  out  as  part  of  STREX.  We  shall 
briefly  summarize  these  here. 

a.  Thermistor  chain  moorings 

Four  surface  moorings  were  deployed  by  the  NOAA 
ship  Oceanographer  near  50°N,  140°W.  Figure  1  shows 
the  location  and  configuration  of  the  mooring  array. 
We  refer  to  the  moorings  by  the  letter  codes  A.  B,  C. 
and  D  as  shown  in  the  figure.  Each  mooring  consisted 
of  a  2.4  m  toroid  surface  float  anchored  tautly  in  about 
4600  m  of  water.  As  the  figure  indicates,  three  of  the 
moorings.  A,  B.  and  C,  supported  two  subsurface 
thermistor  chains  with  thermistors  every  10  m  between 
10  and  110  m.  and  every  3  m  between  1 13  and  143 
m.  The  thermistor  chains  contained  Aanderaa  model 
TR-1  recorders  that  recorded  temperature  internally 
on  magnetic  tape  every  1200  s.  Mooring  D  supported 
only  a  shallow  chain  between  10  and  110  m  with 
thermistors  every  10  m.  but  it  was  also  equipped  with 
meteorological  instruments  that  measured  air  temper¬ 
ature  and  vector-averaged  wind  velocity  3.4  m  above 
the  surface  and  sea  surface  temperature  (Reynolds. 
1 982).  The  data  were  subsampled  every  1 200  s  to  match 
with  the  subsurface  temperatures.  Figure  I  shows  the 
time  span  of  the  data  return  for  each  component  of 
the  mooring  instruments.  For  example,  mooring  B 
supported  the  longest  shallow  temperature  chain  record 
extending  for  approximately  19  days  over  Julian  days 
315  to  33.3  (10-28  November). 

Figure  2  shows  the  time  series  from  the  shallow 
thermistor  chain  at  mooring  B.  This  was  the  data  set 
we  chose  to  compute  the  heal  content  and  potential 
energy  time  series,  described  in  Sections  3  and  4.  be¬ 
cause  it  contains  the  longest  continuous  records  and  it 
best  covers  the  two  major  storm  events  of  the  experi¬ 
ment.  The  curves  in  Fig.  2  have  been  offset  in  the  ver¬ 
tical  so  that  the  upper  trace  is  the  temperature  of  the 
10  m  thermistor,  the  next  one  down  is  the  20  m  therm¬ 
istor.  etc.  Above  60  m  there  is  a  definite  cooling  trend 
over  the  18  days  shown  in  the  figure,  but  the  temper¬ 
atures  are  nearly  isothermal  at  any  given  time.  Beneath 
this  well-mixed  layer  is  the  seasonal  thermocline  be¬ 
tween  60  and  90  m.  The  thermocline  shows  up  in  the 
time  series  as  the  region  of  high  frequency  and  high 
amplitude  variability  attributed  to  internal  waves 
within  a  region  of  large  temperature  gradient.  A  small 
temperature  change  with  depth  below  the  thermocline 
produced  the  low  amplitude  variability  that  can  be  seen 
in  the  deeper  (90-1 10  m)  time  series. 

Two  relatively  abrupt  cooling  events  are  visible  in 
Fig.  2.  The  first  one  occurred  on  day  320  ( 1 5  Novem¬ 
ber).  On  that  date,  the  mixed  layer  thickened  to  ov¬ 
ertake  the  60  m  thermistor  as  evidenced  by  the  slight 
decrease  in  mean  temperature  and  the  cessation  of  the 
high  frequency  variability  in  the  60  m  trace.  A  similar 
event  occurred  on  day  332  (27  November).  Again  the 


January  14X6 


J  D.  P  ADI' AN  AND  R  A.  DtSZOFKF. 


27 


F  u .  I  Schematic  representation  of  S 1  R|,; X  mooring  arras  Subsurface  thermistor 
i hums  estcndeJ  between  III  and  1 10  m  and  between  1 13  and  143  m.  Mooring  D 
meteorological  platform  measured  air  temperature  and  wind  velocils  3  4  m  abuse  the 
surface  lime  lines  indicate  length  of  data  return  with  tick  marks  even  live  class  at 
0000  (A!  I  and  labeled  in  Julian  dass 

therniocline  deepened  on  the  order  of  10  m.  while  the  12.4  hour  running  average  filter  to  remove  tides  and 

mixed  laser  temperature  fell  b>  almost  ().5°C  within  higher  frequencies.  Large  increases  in  the  magnitude 

several  hours.  These  short  time,  mixed-laser  deepening  of/;  on  days  320  and  332  are  clearly  visible.  Figure  3 

esents  can  also  be  seen  in  Tig.  3  sshere  we  have  plotted  also  shows  the  10  m  temperature  which  was  assumed 

the  mixed  laser  depth.  /;.  defined  as  the  depth  at  which  to  be  identical  to  the  temperature  at  the  surface  and. 

the  temperature  was  0.2  'C  lower  than  the  surface  value,  for  comparison,  the  air  temperature  at  mooring  D.  The 

The  figure  shows  h  after  hasing  been  smoothed  with  a  surface  temperature  function  mimics  that  of  the  mixed 


Ail  ion  Oo'e.i980  Juba"  Do».  '^80 


H<i  2.  Offset  temperature  time  scries  from  the  shallow  thermistor  Fig.  3.  Mixed-layer  depth,  h.  and  sea  surface  temperature.  SSI . 
chain  at  mooring  B  Note  the  cooling  trend  in  the  well-mixed  layer  from  mooring  B.  and  air  temperature.  AT.  from  mooring  D  l  he 
above  60  m  and  the  two  rapid  cooling  and  deepening  events  on  mixed-layer  depth  is  defined  by  a  0.2°0  temperature  change  and  the 
Julian  days  320  and  332.  sea  surface  temperature  was  measured  at  a  depth  of  10  m. 
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layer  depth  with  noticeably  large  decreases  on  days  320 
and  332.  The  air  temperature  was  almost  always  lower 
than  the  sea  surface  temperature,  indicating  that  sen¬ 
sible  heat  flux  accounted  for  part  of  the  observed  cool¬ 
ing  trend  and  that  the  air  just  above  the  water  surface 
was  always  unstably  stratified. 

b  Surface  meteorology 

The  experiment  was  carried  out  with  the  aid  of  two 
vessels:  the  Canadian  weather  ship  CCGS  (  ancouver 
stationed  at  Ocean  Weather  Station  P  (50°N,  !45°W) 
and  the  NOAA  ship  Oceanographer,  which  operated 
in  the  vicinity  of  the  surface  moorings.  Both  ships  made 
measurements  of  standard  surface  meteorological  pa¬ 
rameters  including  wind  velocity,  air  pressure,  and  air. 
wet  bulb,  dew-  point  and  sea  surface  temperatures.  In 
addition,  measurements  of  the  longwave  and  shortwave 
radiation  fluxes  were  made  from  both  ships  (Gautier 
and  Katsaros.  1984;  Anonymous.  1981;  Katsaros  and 
Lind.  1985)  and  CTD  casts  were  taken  from  the 
Oceanographer  ( Toole  et  al..  1980). 

Duplicate  meteorological  measurements  from  the 
two  ships  and  mooring  D  allowed  comparison  and  ver¬ 
ification  of  some  of  the  surface  data.  Air  temperature 
measurements  from  both  ships  and  the  mooring  agreed 
very  well  with  no  obvious  biases.  The  same  was  true 
for  comparisons  of  the  mooring  sea  surface  temperature 
with  those  from  the  Vancouver.  The  Oceanographer, 
however,  reported  surface  temperature,  measured  at 
engine-room  intake,  that  was  nearly  0.5°C  higher  than 
at  the  surface  buoy.  This  difference  is  attributed  to  the 
well-known  positive  bias  of  engine-room  intake  tem¬ 
peratures  above  true  surface  sea  temperatures  (Saur, 
1963).  Reynolds  (1982)  compared  wind  velocities  from 
Oceanographer  and  mooring  D  and  found  that  they 
agree  quite  well. 

We  used  the  air-sea  temperature  difference  and  the 
wind  speed  at  mooring  D  to  calculate  the  surface  wind 
stress  show  n  in  Fig.  4.  The  wind  speeds  were  adjusted 
to  10  m.  and  the  stress  was  calculated  using  the  bulk 
aerodynamic  formulae  of  Large  and  Pond  (1981).  Sev¬ 
eral  strong  wind  events  are  evident  in  the  time  series, 
especially  the  two  storms  on  days  320  and  332  when 
wind  stress  magnitudes  reached  0.9  and  1.3  Pa.  re¬ 
spectively. 

We  used  the  meteorological  data  from  mooring  D 
and  the  ships  to  calculate  the  surface  fluxes  of  sensible 
and  latent  heat  from  bulk  formulae  (Large  and  Pond. 
1982).  Figure  5  shows  the  computed  heat  fluxes  to¬ 
gether  with  estimates  of  the  radiation  flux  component. 
Humidity  data  from  Vancouver  was  used  during 
Oceanographer's  absence  from  the  site,  days  326  to 
334.  The  net  radiation  fluxes  shown  in  the  figure  are 
the  daily  averages  of  the  sum  of  shortwave  incoming, 
shortwave  outgoing,  longwave  incoming,  and  longwave 
outgoing  fluxes.  The  data  comes  from  measurements 
taken  on  the  Oceanographer  when  available  (Katsaros 


and  Lind,  1985)  and  on  the  Vancouver  otherwise 
(Anonymous,  1981).  Over  the  period  from  day  316 
through  333.  the  net  surface  heat  flux  averaged  -86 
W  m  2.  The  latent  heat  flux  alone  averaged  -49  W 
m  2:  this  is  twice  as  large  as  the  net  radiation  flux, 
longwave  plus  shortwave  (-26  W  m  3),  and  far  larger 
than  the  sensible  heat  flux  (-11  W  m  2).  The  latent 
heat  flux  contains  isolated  periods  of  large  positive  val¬ 
ues  due  to  warm,  saturated  air  moving  into  the  area 
and  warming  the  ocean  through  condensation. 

It  is  interesting  to  note  the  contrast  between  the 
storms  on  days  320  and  332  in  terms  of  their  associated 
heat  fluxes.  The  day-320  storm  produced  an  obvious 
feature  in  the  heat  flux  curves  of  Fig.  5.  The  day-332 
storm,  however,  created  no  outstanding  features  in  the 
heat  flux  curves  even  though  this  storm  coincided  w  ith 
the  most  outstanding  changes  in  the  sea  surface  tem¬ 
perature  and  mixed  layer  depth  and  had  the  strongest 
winds.  Figure  6a.  b  shows  the  surface  pressure  analyses 
for  the  two  days  (Reed  and  Mullen.  1981 ).  There  are 
obvious  differences  between  the  two  storm  systems. 
The  day-320  storm  was  a  diffuse  elongated  low  pres¬ 
sure  system  with  a  strong  north-south  frontal  structure, 
while  the  day-332  storm  was  more  nearly  radially  sym¬ 
metric  and  very  intense.  The  spatial  scales  of  the  two 
storms  were  similar.  The  effects  they  had  at  the  exper¬ 
iment  site  were,  however,  quite  different.  The  peak 
winds  for  day  320  were  southerly,  but  for  day  332  they 
were  westerly  .  Other  contrasts  between  the  way  the  two 
storms  affected  the  ocean  at  the  moorings  will  emerge 
as  we  examine  the  heat  and  energy  budgets  in  the  fol¬ 
lowing  sections. 

c.  Surface  analysis  of  wind  stress  and  sea  surface  tem¬ 
perature 

The  large-scale  wind  stress  field  during  STREX  was 
computed  using  planetary  boundary  layer  models 
(Brown  and  Liu.  1982)  applied  to  the  available  synoptic 
data.  We  used  data  interpolated  to  a  100  km  grid  sur¬ 
rounding  the  STREX  region  (Lindsay  and  Brown,  per¬ 
sonal  communication.  1983). 

Sea  surface  temperatures  on  a  similar  grid,  derived 
from  3-day  averaged  analyses  by  the  Canadian  Weather 
Service,  were  used  to  prepare  the  maps  in  Fig.  7a-f. 
The  contour  maps  exhibit,  individually,  the  WSW  to 
ENE  slope  of  surface  isotherms  in  the  region  and.  col¬ 
lectively  as  a  time  series,  the  cooling  trend  over  the 
STREX  period.  This  data  was  used  to  estimate  hori¬ 
zontal  temperature  gradients  needed  to  calculate  the 
advective  contributions  to  the  local  heat  and  energy 
budgets  at  the  thermistor  chain  mooring  site  (Sections 
3  and  4). 

3.  The  heat  budget 

In  this  section  we  investigate  the  heat  budget  of  the 
upper  ocean  during  STREX.  We  shall  see  that  the  heat 
content  decrease  measured  at  the  thermistor  chains  is 
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Fit i.  4.  Wind  stress  (upper  panel)  and  direction  from  which  the  wind  blew  (lower  panel)  at 

mooring  D 


more  than  twice  as  large  as  the  total  surface  heat  loss,  is  reasonably  successful.  It  turns  out  that  there  are  two 
We  attempt  to  reconcile  this  imbalance  by  estimating  advective  events  in  the  STREX  data  record  that  ac- 
the  advective  contributions  to  the  budget.  This  attempt  count  for  the  heat  content-surface  exchange  imbalance. 


315  320  325  330  335 


Ext  5  Surface  fluxes  of  sensible  and  latent  heat  at  mooring  D  smoothed  with  a  12.4  hour 
filter  daily  averages  of  the  net  radiative  heal  flux  onboard  the  Oceanographer  and  I'anenurer 
(days  32fi  to  344).  and  the  algebraic  total  of  all  three  components  Note  the  sharp  frontal  structure 
indicated  b\  the  sensible  and  latent  heat  flux  curves  on  day  320 
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Fir.,  6  Surface  pressure  isobars  for  (a)  1200  GMT  on  day  320  and  (b)  0000  GMT  on 
day  332  (Reed  and  Mullen,  198 1 1  Dots  indicate  locations  of  data  reports  used  to  construct 
the  pressure  fields  including  the  two  ships  involved  with  STREX#  ships  of  opportunity, 
and  five  stationary  NDBO  buoys.  The  experiment  site  is  approximately  S0°N,  I40°W. 

The  dashed  box  indicates  the  area  used  to  calculate  average  wind  stress  curl  with  this  data. 

The  establishment  of  an  approximate  heat  balance  is  f° 

a  prerequisite  for  estimating  potential  energy  changes  W.  D)  =  ppc  I  Id:  (3. 1 ) 

and  relating  them  to  turbulent  kinetic  energy  produc¬ 
tion  changes  in  Section  4.  where  p0  and  c  are  average  seawater  density  and  heat 

The  heat  content  between  the  surface  and  fixed  depth  capacity  at  constant  pressure,  respectively.  The  heat 
D  is  defined  by  balance  of  the  water  column  is  given  by 
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Fig.  7.  Sea  surface  lemperature  isotherms  from  the  large-scale  grid 
for  days  (a)  316-318,  (bl  314-321.  (c)  322-323.  (d)  326-328.  (e) 
324-332.  and  (I )  333  The  6.  10.  and  14  degree  contours  are  labeled 
and  the  spacing  is  1°C.  The  dashed  box  indicates  the  area  used  to 
calculate  horizontal  temperature  gradients. 


d,H  =  A  +  Q0  (3.2) 

where 

.1  =  -  V  •  p0c  I  Tud:  +  f)„iT  „\\  ,>  (3.3) 

J  n 

is  the  vertically  integrated  divergence  of  heat  advection 
and 

(2o  =  -Ait'uT'(O)  -  q{ 0)  (3.4) 

is  the  total  heat  flux  just  below  the  water  surface,  com¬ 
posed  of  sensible  heat  plus  radiant  flux  r/(0).  Our  no¬ 
tation  follows  that  of  Davis  cl  al.  (1481a).  which  may 
be  consulted  for  the  derivation  of  (3.2).  It  has  been 
assumed  that  tv (0)  =  0  and  that  1)  is  sufficiently  deep 
so  that  the  turbulent  and  radiative  fluxes  vanish  there. 
We  examined  the  heat  balance  for  D  =  40  m.  a  depth 
well  below  the  mixed  layer  and  within  that  part  of  the 
upper  water  column  covered  by  our  instruments. 

One  of  the  three  components  in  the  heat  balance, 
the  total  surface  flux.  (V  was  described  in  Section  2 


and  is  shown  in  Fig.  5.  The  heat  content.  //.  was  cal¬ 
culated  from  the  thermistor  chain  records  using  a  trap¬ 
ezoidal  integration  of  the  discrete  temperature  mea¬ 
surements.  The  changes  in  heat  content  we  observed 
averaged  -200  W  m  :  for  the  period  from  Julian  day 
316  to  333.  This  is  twice  as  large  as  the  cooling  at  the 
surface  described  in  Section  2.  although  it  is  consistent 
with  Tabata's  (1465)  findings  of  an  average  70  W  m  : 
deficit  in  surface  cooling  for  this  season  between  1456 
and  1961.  This  discrepancy  in  the  one-dimensional 
balance  puts  a  premium  on  estimating  the  other  com¬ 
ponent  in  the  heat  budget,  namely  advection. 

Advection  has  traditionally  been  the  most  elusive 
part  of  the  heat  budget.  To  our  knowledge,  no  synoptic 
measurements  of  temperature  and  velocity  w  ith  depth 
have  ever  been  made  that  would  allow  direct  calcula¬ 
tion  of  .1  in  (3.3).  We  are  forced  to  estimate  the  ad¬ 
vertise  contribution  indirectly.  Various  methods  have 
been  employed  in  the  past  ranging  from  a  neglect  of  A 
on  the  basis  of  historical  current  and  temperature  data 
(Denman  and  Miyake,  1973)  to  approximating  the 
vertical  contribution  only,  and  neglecting  horizontal 
effects,  based  on  spatial  measurements  of  |V7'|  (Davis 
cl  ul..  1981a).  Each  of  the  arguments  for  the  neglect  of 
advection  or  some  part  of  it  is  based  on  averaged  gra¬ 
dients  and  velocities  appropriate  to  seasonal  time  scale 
changes  in  mixed  layer  properties.  Though  these  ar¬ 
guments  appear  valid  cx  post  facto  from  success  of  the 
closures  of  the  heat  budget  achieved  by  making  them, 
our  data  indicate  that  the  situation  is  quite  different 
during  the  fall  stormy  season  at  midlatitudes.  We  find 
that  storms  can  produce  pulses  in  the  advection  terms 
on  time  scales  of  several  days  that  can  be  significant 
in  the  heat  budget  averaged  over  several  weeks. 

The  advective  contribution  consists  of  two  parts: 
horizontal  advection  by  surface  geostrophic  currents 
that  are  nearly  horizontally  nondivergent.  and  advec¬ 
tion  by  directly  wind-driven  surface  currents  that  can 
be  composed  of  both  a  nondivergent  part  giving  rise 
to  horizontal  transport  and  a  divergent  part  giving  rise 
to  vertical  transport.  Thomson  (1971)  showed  that 
geostrophic  currents  in  this  region  are.  on  the  average, 
in  the  east-northeast  direction  at  I  cm  s  1  and  are  nearly 
parallel  to  the  surface  temperature  isotherms.  Although 
the  CTD  surveys  conducted  during  STREX  were  not 
sufficiently  dense  in  time  or  space  to  give  good  estimates 
of  geostrophic  current,  the  data  that  exists  confirm 
Thomson's  estimate  of  1  cm  s  1  for  surface  currents 
relative  to  1 500  db.  These  currents  tend  to  be  aligned 
across  the  temperature  gradient  and  hence  are  ineffec¬ 
tive  in  transporting  heat. 

Tabata  (1965)  calculated  the  average  temperature 
change  at  Station  P  for  1956-61  due  to  geostrophic 
transports  and  found  it  to  be  0.26°C  per  month.  He 
found  the  geostrophic  advection  to  be  higher  during 
summer  than  winter.  He  also  found  the  wind-forced 
Ekman  contribution  to  advection  to  be  largest  during 
winter.  On  this  basis,  we  shall  neglect  the  advection  of 
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heat  due  to  geostrophic  currents  for  the  18-day  winter 
period  of  STREX. 

We  propose  to  estimate  surface  Ekman  transport  by 


where  u,,  is  the  surface  Ekman  velocity,  r0  is  the  surface 
wind  stress,  and  h  is  the  mixed  layer  depth;  horizontal 
stress  at  the  base  of  the  mixed  layer  has  been  assumed 
to  be  negligible.  If  the  Ekman  transport  is  divergent, 
it  leads  to  an  upwelling  velocity  at  the  mixed  layer 
base. 

«-/.  =  z-curl(— ■}  .  (3.6) 

\Pof/ 

Accelerations  are  neglected  in  deriving  (3.5)  and 
(3.6).  Their  inclusion  leads  to  inertial  oscillations  about 
the  longer  period  Ekman  velocity  fields.  One  may  show 
(see  the  Appendix)  that  averaging  the  time-dependent 
inertial  solutions  over  a  pendulum-day  yields  Eqs.  (3.5) 
and  (3.6)  again,  where  u,.,  vv_  to  are  now  pendulum- 
day  average  quantities.  Hence  the  use  of  the  "steady” 
equations  (3.5).  (3.6),  to  estimate  Ekman  currents,  even 
for  synoptic  wind  events,  is  well  justified. 

By  identifying  f  Tud:  =  f  f  u ,dz  where  f  is  the 
vertically-averaged  temperature  of  the  surface  layer, 
and  w  h  =  w.  D,  Eq.  (3.3)  can  be  written 

A  =  A,  +  A„  (3.7a) 

where 

Ti  =  c(T  „  -  T)z  •  curl(r»//')  (3.7b) 

A„  =  ci-rjfx  Vf.  OJc) 

Were  there  no  horizontal  temperature  gradient,  the 
nonzero  term  I,  would  represent  the  export  of  heat 
due  to  upwelling  of  cold  water.  On  the  other  hand, 
were  the  mixed  layer  motion  nondivergent.  the  term 
in  would  represent  advection  of  heat  by  horizontal 
flow  across  the  temperature  gradient.  The  terms  in  (3.7) 
were  calculated  using  the  wind  stress  and  temperature 
fields  described  in  Section  2.  Temperature  gradient  VT 
was  approximated  by  V70  where  7„(.v,  y.  I)  was  the  sea 
surface  temperature  obtained  from  the  large-scale  grid 
(Fig.  7a— f).  Even  though  the  data  coverage  for  the  large- 
scale  analyses  was  sparse  (see  the  data  points  in  Fig. 
6a.  b),  the  SST  gradients  were  robust  enough  to  produce 
consistent  pictures  on  the  scale  of  a  few  hundred  ki¬ 
lometers.  In  contrast  to  this,  the  20  km  separation  be¬ 
tween  thermistor  chain  moorings  at  the  experiment 
site  was  not  enough  to  reliably  determine  the  SST  gra¬ 
dients  beyond  instrument  noise  levels. 

The  total  advective  contribution  was  calculated  ac¬ 
cording  to  (3.7a)  (after  rearranging  terms),  and  the  ver¬ 
tical  component  according  to  (3.7b).  The  horizontal 
component  was  calculated  by  difference,  i.e.,  AM  =  A 
-  At .  The  required  horizontal  vector  fields  then  appear 
only  in  the  form  of  curls.  These  were  evaluated  from 


the  large-scale  data  by  application  of  Stokes’  circulation 
theorem 

J/  z.  cuT\(T0/f)dS  =  |  (to//) •  dc  (3.8) 

where  S'  is  some  suitable  averaging  area  and  c  is  its 
perimeter.  The  right  side  of  (3.8)  is  evaluated  from  an 
obvious  finite-grid  rule  of  integration.  We  chose  S  to 
be  a  600  km  square  (i.e.,  6X6  grid  points  centered  on 
the  mooring  site).  We  experimented  with  smaller  grids 
(4  X  4,  2  X  2),  but  this  larger  one  seemed  a  sensible 
compromise  between  the  ideal  of  S  —  0  and  having  a 
large  enough  number  of  points  on  the  circumference 
of  S  to  effect  some  averaging  of  atmospheric  mesoscale 
noise.  Large  el  al.  (1985)  suggest  that  the  synoptic  scale 
in  this  area  is  a  few  hundred  kilometers,  based  on  data 
from  drifting  thermistor  chains,  so  it  is  likely  that  our 
large  averaging  square  underestimates  curl  at  a  point. 
The  size  of  the  averaging  square  is  indicated  in  Fig.  6a. 
b  and  7a-f  by  the  dashed  box. 

Figure  8a  shows  the  time  series  of  heat  advection 
components:  horizontal  (dot-dashed),  vertical  (dotted), 
and  their  sum  (dashed).  Figure  8b  shows  the  heal  con¬ 
tent  of  the  upper  90  m  at  thermistor  chain  mooring  B 
(solid  line),  the  cumulative  surface  heat  flux.  /'  Q^dt 
(upper  dashed  line),  cumulative  advection.  /'  Adi 
(lower  dashed  line),  and  their  sum  (dot-dashed  line). 
The  starting  value  of  each  quantity  on  the  ordinate  is 
arbitrary;  the  curves  agree  if  their  slopes  match.  Table 
I  gives  a  summary  of  daily-averaged  surface  heat  flux, 
advection.  and  heat  content  change  for  the  STREX 
period.  The  most  striking  features  in  Fig.  8a  is  the  ad¬ 
vective  peaks  associated  with  the  storms  on  days  320 
and  332.  Except  for  these  two  days,  the  total  advection 
is  small  and  changes  sign  often,  producing  a  negligible 
contribution  to  the  overall  budget.  But  with  the  inclu¬ 
sion  of  these  tremendous  peaks,  the  mean  advection 
over  18  days  is  -68  W  m  1  which,  when  combined 
with  the  average  heat  flux  at  the  surface,  balances  the 
mean  changes  in  heat  content  to  within  237;  (see  Table 
l ).  The  average  advection  is  80%  of  the  average  of  the 
total  surface  flux:  this  is  almost  entirely  due  to  the  con¬ 
tribution  from  two  individual  days!  Figure  8b  shows 
the  roughly  equal  importance  of  advection  and  surface 
flux  in  the  heat  balance  over  18  days,  and  the  episodic 
character  of  advection.  coming  in  two  marked  events, 
in  contrast  with  the  fairly  steady  surface  heat  flux.  Only 
the  episodes  of  advection  can  account  for  the  episodic 
heat  content  changes. 

Comparison  of  Fig.  8a  with  the  synoptic  analyses  of 
Fig.  6  gives  some  insight  into  the  nature  of  the  advec¬ 
tion  itself.  The  advective  partitioning  between  vertical 
and  horizontal  components  is  different  for  the  two 
storms.  The  day-320  peak  is  made  up  of  nearly  all  ver¬ 
tical  advection.  that  is,  Ekman  suction  of  cold  water 
from  below  z  =  -D.  The  day-332  peak,  however,  is 
composed  of  approximately  equal  amounts  of  Ekman 
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Fig.  8.  (a)  Daily  estimates  of  the  vertical,  A I .  and  horizontal.  AH. 
advection  of  heat  and  their  algebraic  sum.  .4.  and  (b)  the  time  history 
of  the  cumulative  surface  heat  flux.  J  Qodi.  cumulative  heat  advection. 
/  Adi.  their  algebraic  sum.  /  ( Q„  +  A)di.  and  the  daily  averaged 
vertical  integral  of  heat  content  to  90  m,  II.  The  cumulative  and 
vertically  integrated  curves  in  panel  (bl  are  relative  to  an  arbitrary 
reference  level:  it  is  the  slopes  of  these  curves  that  are  important. 
Note  the  large  advective  peaks  on  days  320  and  332  and  how  they 
are  responsible  for  making  the  estimated  total  cumulative  curve  more 
closely  match  the  observed  vertically  integrated  heat  content. 

suction  and  horizontal  advection  due  to  net  horizontal 
movement  of  surface  water  across  isotherms.  The  dif¬ 
ferent  advective  characters  of  the  two  storms  is  reflected 
in  their  synoptic  structure  relative  to  the  experiment 
site.  Peak  winds  for  the  day-320  storm  were  southerly 
shifting  abruptly  to  northerly  with  the  passage  of  the 
front  (Fig.  4).  This  produced  a  net  Ekman  transport 
to  the  east  and  then  west,  nearly  parallel  to  the  surface 
isotherms  (Fig.  7b),  and  therefore  contributed  little  to 
the  horizontal  advection.  In  contrast,  the  day-332  peak 
winds  were  southwesterly  and  produced  a  net  Ekman 
transport  parallel  to  the  mean  oceanic  temperature 
gradient  (Fig.  7e)  and  so  made  a  large  contribution  to 
the  horizontal  advection  of  heat.  This  contrast  shows 
that  the  horizontal  advection  at  a  particular  location 
depends  on  having  cross-isotherm  Ekman  transport 
produced  by  alongisotherm  wind.  This  condition  is 
sensitive  to  the  structure  of  a  storm  and  the  proximity 
of  its  passage  (see  Fig.  6a,  b)  so  that  {Joints  separated 
by  only  a  few  hundred  kilometers  may  experience  quite 
different  advection. 


Vertical  advection,  too,  makes  an  important  con¬ 
tribution  to  the  heat  budget.  It  depends  on  a  surface 
wind  pattern  favorable  to  producing  upwelling.  Despite 
several  peaks  in  the  wind  stress  magnitude  in  Fig.  4. 
Fig.  8a  shows  only  two  events  that  had  local  wind  stress 
curl  large  enough  to  produce  significant  upwelling. 

Large  el  al.  (1986)  suggest  a  rule  of  thumb  for  un¬ 
certainty  of  10  W  m“2  per  component  of  the  surface 
heat  flux,  which  gives  an  additive  uncertainty  of  30  W 
m  2  for  the  net  surface  flux,  Q0.  This  error  grows  for 
the  cumulative  surface  heat  flux;  after  ten  days  the  error 
amounts  to  about  0.25  X  10*  J  m  2  (25%  of  one  division 
in  Fig.  8b)  and  after  18  days  to  nearly  0.50  X  108  J 
m  2  (50%  of  one  division  in  Fig.  8b).  The  discrepancy 
in  the  heat  budget  is  within  this  uncertainty. 

Large  el  al.  (1986)  also  investigated  the  advective 
contributions  to  the  heat  budget  with  drifting  therm¬ 
istor  chain  buoys  in  an  area  500  km  southwest  of  our 
moorings.  They  inferred  water  movements  from  the 
buoy  tracks  and  relative  velocities  from  the  shape  of 
the  subsurface  thermistor  and  pressure  sensor  chains. 
Their  conclusions  contrast  with  ours.  They  find  that 
horizontal  advection  in  the  mixed  layer  was  not  a  sig¬ 
nificant  part  of  the  heat  budget  for  their  region.  Their 
buoys,  however,  tended  to  drift  along  the  surface  iso¬ 
therms,  thereby  diminishing  the  effect  of  horizontal 
advection.  Also,  they  form  their  balance  estimates  over 
a  long  time  period  so  that  they  do  not  discern  episodic 
synoptic  events.  They  also  make  the  point  that  vertical 
advection  from  below  about  120  m.  within  the  per¬ 
manent  halocline,  would  bring  up  water  that  is  too 
salty  to  be  cancelled  by  the  0.005  X  10'3/month  di¬ 
lution  attributed  to  the  mean  excess  of  precipitation 
over  evaporation.  This  means  that  the  upwelling  water 


T ABtr  1  Daily  average  surface  heat  flux.  Q„.  and  change  in  heat 
content,  dll/dl.  and  the  0000  GMT  estimate  of  heat  advection.  A. 
The  units  are  W  m  f 


Julian  day 

Q» 

I 

dll/dl 

316 

-  35.8 

7.7 

-  99.2 

317 

-  77.2 

19.7 

49.6 

318 

-  109.4 

18.8 

181.8 

319 

-  36.4 

13.4 

214.9 

320 

-8.6 

28.7 

-  132.3 

321 

-97.4 

582.6 

-231.5 

322 

-49.5 

-99.5 

-  165.3 

323 

85.3 

-  14.1 

264.5 

324 

36.3 

56.7 

-148.8 

325 

-129.6 

67.5 

-  148.8 

326 

»  -89.2 

26.4 

-  16.5 

327 

113.1 

59.8 

49.6 

328 

99.4 

10.3 

-  264.5 

329 

-68.6 

-32.5 

-281.1 

330 

-120.2 

-16.0 

-396.8 

331 

-  60.8 

9.9 

-628.3 

332 

-  141.4 

-565.6 

-677,9 

333 

-  184.2 

-25.7 

-165.3 

18-day  means: 

-85.7 

-68.3 

-199.3 
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below  the  mixed  layer  and  above  the  halocline  must 
be  moving  along  nearly  horizontal  trajectories  as  it  is 
entrained. 

4.  Turbulent  kinetic  energy 

When  the  sea  surface  is  cooled  or  agitated  by  the 
wind,  turbulent  kinetic  energy  is  produced  by  flucuat- 
ing  buoyancy  forces  working  with  vertical  motions  or 
by  turbulent  stress  working  on  the  sheared  motion. 
The  part  of  this  turbulent  kinetic  energy  that  is  not 
dissipated  is  available  for  increasing  the  potential  en¬ 
ergy  of  the  surface  layer  by  entraining  dense  water  from 
below  and.  in  effect,  raising  its  center  of  mass  by  mixing 
it  into  the  surface  water.  The  production  terms  of  tur¬ 
bulent  kinetic  energy  ,  and  its  dissipation,  are  difficult 
to  measure  with  accuracy,  instead,  paramcterizations 
of  these  terms,  supported  by  theoretical  and  dimen¬ 
sional  arguments  relating  them  to  bulk  parameters  that 
characterize  the  inputs,  are  relied  on  (Kraus  and 
Turner.  I%7;  Niiler  and  Kraus.  1977).  Often  the  pa- 
rameterizations  can  be  checked  in  laboratory  experi- 
mentsle.g..  Turner  and  Kraus.  1967:  Kato  and  Phillips. 
1969;  Moore  and  l  ong.  1971:  Kantha  cl  al..  1977; 
Deardortf  cl  al.,  1969)  in  which  changes  in  potential 
energy  are  compared  to  the  proposed  dependence  on 
the  bulk  parameters  and  used  to  estimate  unknown 
coefficients. 

In  principle,  this  can  be  done  also  with  suitable  field 
experiments.  The  difficulty  with  this  approach  lies  in 
the  impossibility,  contrasted  with  the  laboratory,  of 
control  of  external  conditions:  oceanic  v  ariability  and 
complexity  on  all  scales  lead  to  statistically  imprecise 
estimates  of  the  desired  terms.  Also,  some  important 
contributing  terms,  especially  advection.  that  are  absent 
in  controlled  laboratory  experiments  can  only  be  es¬ 
timated  indirectly  as  we  have  already  seen  with  the 
heat  balance.  The  advantage  of  the  field  experiments 
is  their  obv  ious  direct  relevance  to  mixed  layer  dynam¬ 
ics:  unlike  laboratory  experiments,  they  are  conducted 
at  the  appropriate  Rey  nolds  and  Peclet  numbers  and 
are  not  susceptible  to  "infection "  by  secondary  circu¬ 
lations  as  in  the  all  too  finite  laboratory  vessels. 

Davis  ct  al.  (1981b)  expounded  the  theory  of  the 
turbulent  kinetic  energy  (TKE)  balance  necessary  for 
relating  rate  of  change  of  potential  energy  of  the  upper 
ocean  water  column  to  kinetic  energy  generation  and 
dissipation  and  their  paramcterizations.  We  need  not 
repeat  this  here,  except  to  emphasize  that  the  rate  of 
turbulent  working  of  huoyant  flucuations  against  grav¬ 
ity.  or  buoyancy  flux  gp'w'.  is  estimated  from  the  ver¬ 
tically  integrated  heat  balance  and  assumption  of  a  sta¬ 
ble  7-5  relationship;  hence  the  establishment  of  an  at 
least  approximate  heat  budget  is  a  necessary  require¬ 
ment  for  the  strategy  to  succeed. 

The  potential  energy  of  the  water  column  above  r 
=  -D.  given  by 

P{t.  7»=j?P  (r  +  D)p,d:.  (4.1) 

J  n 


where  pc,  =  p  -  p0  is  the  excess  density  above  a  reference 
density,  is  related  to  sources  and  sinks  by 


d,P  =  B  +  AP  +  G0  +  5  -  /•.  . 


where 

B  = 

y  [-<3»D  +  f  U(:)d: 

f} 

Ar  = 

—gV  ■  p,.u(r  +  D)cl:  + 

J  /> 

J  n 

(>n  ~ 

-»»■'[/»'  +  Pn(u'-  u'  +  »■'')/: 

2]„. 

5  = 

-  pu'w'  •  d-udz. 

J  I) 

r 

/■:  = 

j  pul:. 

J  /> 

(4.2) 


(4.3) 

(4.4) 

(4.5) 

(4.6) 


(4.7) 


Term  B  in  (4.2)  represents  the  effect  on  potential 
energy  of  surface  heating  or  cooling  and  penetrative 
radiation:  when  cooling  (Q, ,  <  0).  a  part  of  lu^/c)Q,iP 
is  the  energy  supplied  by  convection.  This  term  is 
readily  calculated  from  the  net  surface  heat  flux .  (9n. 
described  in  Section  2  and  from  </(r)  parameterized  by 

</(r)  </(())!  [0.77  e\p(r/ 1.5)] 

9  [I  0.77  c\p( r/ 14.0)] ;  (4.8) 

for  r  in  meters,  measured  negatively  downwards  (Paul¬ 
son  and  Simpson.  1977).  The  term  ir  represents  the 
advection  of  potential  energy.  The  term  G„  is  the  sur¬ 
face  flux  of  turbulent  kinetic  energy  ,  which  is  held  to 
be  proportional  to  p„»* .  where  ;/*  is  the  surface  friction 
velocity  [tm/p,,'1  :  (Kraus  and  Turner.  1967;  Davis  cl 
al  .1981  b).  Term  5  is  the  shear  production  integrated 
vertically  .  L  acking  current  profile  measurements,  we 
are  unable  to  estimate  it  directly  .  We  proceed  by  pro¬ 
visionally  neglecting  it:  but  we  shall  return  to  this  point 
later. 

As  noted,  convective  production  due  to  surface 
cooling  is  already  a  part  of  B.  For  a  homogeneous 
mixed  layer  this  production  term  amounts  to 

C  -  /t(IC?ol  -  C?uT  (4.9) 

4< 

Term  /;'  is  the  vertical  integral  of  kinetic  energy  dissi¬ 
pation.  We  hold  that  it  acts  to  suppress  a  fixed  fraction 
of  the  energy  produced  by  the  dominant  turbulent  ki¬ 
netic  energy  production  mechanisms.  Hence  it  is  pro¬ 
portional  to  C  or  G0  in  (4.2).  whichever  is  dominant, 
and  the  potential  energy  evolution  is  given  by 

d,P  =  B  +  I,-  +  Gj?  -  m,C  (4.10) 

where 

Gif  =  (4.11) 


The  measurements  reported  by  Davis  ci  al.  (1981b) 
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suggest  m(1  =  0.5.  while  Deardorff  el  cil.'s  (1969)  lab¬ 
oratory  measurements  give  m,  =  0.83. 

Advection  A,,  is  calculated  in  a  fashion  analogous 
to  the  corresponding  term  in  the  heat  balance.  We  as¬ 
sume  that  horizontal  velocity  is  uniform  in  the  mixed 
layer,  of  depth  h.  and  given  by  the  Ekman  formula 
(3.5);  horizontal  velocity  is  neglected  below  the  mixed 
laser.  The  corresponding  vertical  velocity  grows  linearly 
from  zero  at  the  surface  to  the  base  of  the  mixed  layer 
where  it  is  given  by  (3.6).  Beyond  the  base  it  remains 
approximately  constant.  These  assumptions  of  slab- 
like  mixed  layer  velocity  are  more  stringent  than  were 
required  for  the  heat  balance,  where  only  the  vertical 
integral  of  horizontal  velocity  mattered,  because  tem¬ 
perature  is  so  nearly  uniform  in  the  mixed  layer.  The 
quantity  .  f,->  can  be  separated  into  horizontal  and  ver¬ 
tical  components  Am,  .T /», .  analogous  to  the  heat  ad¬ 
vection  terms  [Eq.  (3.7)]  except  for  an  additional  de¬ 
pendence  on  the  mixed  layer  depth  that  enters  because 
of  the  factor  r  in  (4.1).  We  shall  save  space  by  not 
writing  them  down  here. 

The  quantities  in  the  potential  energy  balance  are 
correctly  written  in  terms  of  density  p(7".  S).  To  le- 
termine  this  salinity  is  required  as  well  as  temperature. 
This  is  not  available  from  the  thermistor  chains.  How¬ 
ever.  CTD  profiles  taken  during  November  and  De¬ 
cember  1980.  in  the  vicinity  of  the  experiment  location 
from  the  Occanos>niphcr  exhibit  a  quite  stable  and  tight 
relationship  between  temperature  and  salinity  above 
90  m  depth.  Figure  9  shows  the  envelope  for  the  T-S 
curves  from  32  CTD  casts  taken  between  Julian  days 
31 1  and  337.  Above  6.5°C  (90  m)  salinity  is  well  rep¬ 
resented  by  a  linear  function  of  temperature.  A  best  fit 
line  through  the  /  -.V  envelope  in  this  region  was  used 
to  represent  that  function.  This  was  then  used  to  infer 
density  from  the  thermistor  chain  temperature  time 
series. 


Ik.  4,  7-S  relations  from  12  (  ID  casts  taken  onboard  the 
( >,  vunt'vriiplwr  between  Julian  days  31 1  and  337  The  linear  relation 
between  S'  and  /  above  6 3T  I  —  90  ml  was  used  to  predict  .V  from 
/  for  t h is  temperature  (depth!  range 


Tabu  2.  Daily  average  surface  production  t/J .  net  buoyancy  flux 
H'.  and  change  in  PH,  JH/dl.  and  the  0000  GM  I  estimate  of  PI 
advection.  lr  The  units  are  mVV/m  \ 


Julian  day 

('$ 

B 

316 

06 

0.! 

0.2 

2.4 

317 

0.7 

0.5 

1.7 

0.4 

318 

0.9 

o  3 

2.3 

3.0 

31*1 

1.3 

0.0 

0.8 

4.6 

320 

4.6 

0.2 

0.4 

1  1.1 

321 

1.2 

7.2 

1.9 

3.5 

322 

1.7 

1.5 

1.6 

3.7 

323 

2.3 

0  9 

IK 

5.8 

324 

1.2 

0.4 

1.3 

2.1 

325 

o.x 

1.1 

3.8 

2.8 

326 

0.5 

0.1 

-V  T 

4.1 

327 

1.5 

0  2 

2.0 

5.4 

328 

1.1 

0.4 

2  5 

5.7 

329 

2.9 

O.X 

1.7 

7.7 

330 

1.6 

0.8 

2.4 

13.4 

331 

6.9 

0.1 

I  I 

12.’’ 

3.32 

7.3 

9.3 

2.6 

32.4 

333 

0.6 

0.6 

3.7 

5.8 

1  X-day  means: 

2  1 

1.3 

2.0 

7.1 

Each  of  the  terms  on  both  sides  of  (4.10)  can  be 
computed  from  the  STREX  data  and  compared.  Table 
2  gives  a  summary  of  the  daily -averaged  values  of 
(rj.  B'  (the  net  buoyancy  production.  - B  -  m,C)- 
potential  energy  advection.  .Ip.  and  the  change  in  P. 
Figure  10a  shows  the  time  series  of  the  advection  es¬ 
timates.  The  features  are  very  similar  to  the  heat  ad¬ 
vection  estimates  in  Fig.  8a;  the  advection  is  small  ex¬ 
cept  on  two  occasions  associated  with  storms  on  days 
320  and  332.  The  day-320  event  is  a  result  of  mostly 
vertical  advection.  w  hile  the  day-332  event  is  composed 
of  nearly  equal  amounts  of  vertical  and  horizontal  ad¬ 
vection.  Note  that  though  heat  and  turbulent  mechan¬ 
ical  energy  terms  have  the  same  units,  the  latter  is  five 
orders  of  magnitude  smaller  than  the  former. 

Figure  10b  shows  the  potential  energy  of  the  upper 
90  m  at  the  thermistor  chain  (solid  line),  the  cumulative 
surface  production  ot'TKE  [  |  <i*tll  (using  m„  =  0.5)]. 
the  cumulative  advection  ( |  .  !,<//).  and  the  cumulative 
net  buoyancy  production  []'  B'dt  (using  m,  =  0.83)]. 
The  last  term  is  the  difference  between  the  total  cu¬ 
mulative  buoyancy  production  (upper  dotted  line)  and 
the  dissipation,  taken  to  be  proportional  to  that  pro¬ 
duction.  (lower  dotted  line).  The  beginning  positions 
on  the  ordinate  of  traces  on  this  figure  are  arbitrary; 
the  curves  have  been  offset  in  the  vertical  for  clarity. 
A  successful  closure  of  the  TKE  budget  is  obtained 
when  the  slope  of  the  total  cumulative  production  curve 
(dot-dashed)  matches  that  of  the  vertically  integrated 
potential  energy  curve.  This  figure  shows  a  reasonable 
closure  of  the  TKE  budget  over  18  days,  particularly 
for  the  periods  prior  to  the  day-320  storm  and  after 
the  day-332  storm.  The  storms  create  large,  episodic 
increases  in  the  vertically  integrated  potential  energy 
that  are  not  totally  reproduced  by  the  estimated  pro- 
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Fig.  10.  (a)  Daily  estimates  of  the  vertical,  tfl,  and  horizontal. 
AP„.  advection  of  potential  energy  and  their  algebraic  sum.  AF.  and 
(hi  the  time  history  of  the  cumulative  surface  wind  stirring, 
f  (ifih.  cumulative  potential  energy  advection,  /'  Apdt.  cumulative 
buoyancy  production,  f  B’llt.  — composed  of  the  production  due  to 
surface  cooling  and  penetrating  radiation  (upper  dotted  line)  minus 
the  dissipation  proportional  to  that  production  (lower  dotted  linei- 
their  algebraic  sum.  f  Hi*  *  A,,  i  liAill.  and  the  vertical  integral  of 
potential  energy  to  90  m.  I1.  The  cumulative  and  vertically  integrated 
curves  in  panel  (hi  are  relative  to  an  arbitrary  reference  level:  it  is 
changes  in  these  curves  that  are  important.  Note  how  peaks  in  ad¬ 
vection  and  wind  stirring  combine  to  produce  the  jumps  in  the  es¬ 
timated  total  cumulative  curve  which  mimic  the  jumps  in  /'on  days 
320  and  332. 


duction  terms,  particularly  for  the  day-332  storm  where 
only  one  half  of  the  increase  observed  in  the  density 
record  is  accounted  for  by  the  TKE  production  terms 
included  in  the  budget.  The  figure  also  shows  the  dif¬ 
ference  between  the  three  production  terms.  Both  the 
surface  wind  stirring  and  advection  terms  exhibit  im¬ 
pulsive  jumps  associated  with  the  two  storms  but  the 
buoyancy  flux  term — composed  mainly  of  the  net  sur¬ 
face  cooling — is  a  fairly  steady  function.  Advection  and 
wind  stirring  are.  in  some  combination,  necessary  to 
reproduce  the  episodic  increases  observed  in  the  verti¬ 
cally  integrated  potential  energy  associated  with  the 
two  storms.  However,  the  advection  terms  cannot  be 
estimated  with  sufficient  accuracy  to  attempt  improved 
estimates  of  either  n?„  or  m, .  From  the  viewpoint  of 
modeling,  it  is  still  remarkable  that  potential  energy 


changes  may  be  no  less  due  to  advection  than  to  tur¬ 
bulent  production  of  TKE. 

An  uncertainty  in  the  excess  density  can  be  estimated 
from  uncertainties  in  the  thermistor  temperatures  and 
in  the  salinity  derived  from  the  best-fit  linear  T-S  re¬ 
lationship  above  90  m.  The  spread  in  the  T-S  diagram 
of  Fig.  9  suggests  an  uncertainty  of  about  0.08  X  10  5 
in  inferring  salinity  from  temperature.  This,  together 
with  the  thermistor  errors,  leads  to  an  uncertainty  of 
0.07  kg  m  3  for  the  excess  density,  and  about  2.80 
X  I03  J  rrr2  (2.8  divisions  in  Fig.  l()b)  for  the  vertically 
integrated  potential  energy.  The  discrepancy  in  the 
TKE  budget  is  within  this  uncertainty.  The  closure  of 
the  TKE  budget  is  poorest  for  the  time  periods  asso¬ 
ciated  with  the  two  major  storms,  paticularly  the  sec¬ 
ond,  day-332,  storm.  Ignoring  the  potential  energy  un¬ 
certainties,  the  buoyancy  flux  term  B'  is  a  very  steady, 
nonepisodic  component  of  the  budget  and  as  such  is 
not  a  good  candidate  to  explain  the  excess  in  the  ob¬ 
served  vertically  integrated  potential  energy  jumps  over 
the  predicted  increases.  The  discrepancies  are  more 
likely  the  result  of  underestimating  either  the  advection 
or  the  wind  stirring  terms,  or  both,  because  each  of 
these  terms  exhibits  episodic  increases  during  the  storm 
periods. 

There  is  one  important,  additional  component  of 
the  TKE  budget  that  could  explain  the  discrepancies 
in  the  balance.  It  is  the  neglected  shear  production  term 
(4.8).  Sheared  currents  in  the  water  column  contribute 
to  the  TKE  of  the  layer,  particularly  inertial  currents 
with  shear  concentrated  at  the  base  of  the  mixed  layer. 
Shear  production  would  be  episodic  in  character  and 
very  likely  associated  with  storms.  D'Asaro  (1985)  ex¬ 
amined  and  modeled  the  inertial  current  structure  from 
expendable  current  profiler  drops  taken  from  the 
Oceanographer  during  STREX.  paying  close  attention 
to  the  day-320  storm.  That  storm  acted  to  change  the 
current  shear  at  the  mixed  layer  base  by  30  cm  s  ’.  but 
the  preexisting  currents  were  such  that  the  overall  shear 
was  actually  reduced.  Hence,  shear  production  of  TKE 
was  not  a  factor  in  the  day-320  storm.  Current  profiles 
were  not  available  for  the  day-332  storm,  so  it  is  not 
possible  to  assess  what  role  shear  production  played  in 
the  TKE  budget  during  that  period.  The  poor  closure 
of  TKE  on  that  day  max  indicate  an  overlooked  energy 
source  such  as  shear  production. 

5.  Summary 

In  this  paper,  we  outlined  and  demonstrated  a 
method  for  incorporating  large-scale  wind  stress  data 
and  estimates  of  sea  surface  temperature  gradients  into 
the  local  budgets  of  upper-ocean  heat  and  TKE  through 
advection  terms.  We  obtained  a  reasonable  balance  for 
the  heat  and  TKE  budgets  of  the  upper  90  m  of  the 
water  column  at  the  site  of  thermistor  chain  moorings 
in  the  northeast  Pacific  Ocean.  The  rate  of  change  of 
heat  content  averaged  -200  W  m  ;  over  18  days,  while 
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the  net  surface  heat  flux  averaged  -86  W  m'2.  We 
were  able  to  form  estimates  of  the  large-scale  advection 
that  we  found  to  be  significant  during  two  strong 
storms.  The  18-day  average  advection  was  -68  W  m  2, 
which  contributes  to  balance  the  budget  within  23%. 
Our  findings  confirm  Tabata's  (1965)  observations 
about  the  winter  heat  balance  at  Station  P. 

The  changes  observed  in  the  vertically  integrated 
heat  content  and  potential  energy  are  very  episodic. 
For  the  heat  budget  this  episodic  character  can  only 
be  explained  by  advection.  The  turbulent  kinetic  energy 
budget  contains  source  terms  from  the  vertical  buoy¬ 
ancy  flux,  the  wind  stirring  at  the  surface,  and  current- 
shear  production.  The  last  two  of  these  are  episodic  in 
character.  Our  data  show  that  advection  and  wind  stir¬ 
ring  are  necessary  to  account  for  the  episodic  changes 
in  the  vertically  integrated  potential  energy  associated 
with  the  storms.  The  role  of  shear  production  is  un¬ 
certain.  D'Asaro  (1985)  determined  that  the  current 
structure  before  day-320  was  such  that  the  storm  on 
that  day  acted  to  decrease  the  current  shear  so  that 
shear  production  was  not  a  factor  for  that  storm.  No 
data  exist  to  determine  the  role  of  shear  production  for 
the  second,  day-332,  storm. 

The  calculations  described  here  illustrate  the  im¬ 
portance  of  advection  to  understanding  the  response 
of  the  upper  ocean  to  atmospheric  forcing.  The  advec¬ 
tion  estimates  we  have  made  are  quite  rudimentary: 
they  could  be  improved  by  better  estimates  of  surface 
wind  distribution  on  synoptic  and  mesoscales.  and 
better  estimates  of  temperature  gradients.  The  potential 
energy  storage  estimates  could  be  greatly  improved  by 
time  series  measurements  of  salinity  (conductivity)  as 
well  as  temperature.  Salinity  effects  on  density  can  be 
significant,  and  should  be  monitored,  and  the  budget 
of  salt  could  be  independently  checked. 
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APPENDIX 

The  Quasi-steady  F.kman  Approximation 

Consider  the  time-dependent  momentum  and  mass 
conservation  equations  for  a  slab  layer  of  thickness  h 
driven  by  a  wind  stress  r(x ,  /): 


d,Q  +  i/Q  =  a>  '(r‘  +  it').  (A I) 

w  h  =  ReO,  -  id,)Q.  (A2) 

where 

(?  =  /»<  +  the.  (A3) 

The  general  solutions  of  (Al),  (A2)  are  easily  written 
(Phillips.  1966): 

<?  =  A,'J  [t'(/')  +  iT'(t')yn'  "df.  (.44) 

w  h  =  Pu  'Re  J  (<3,  -  )[t *(Z ' )  +  lT‘U')]e""  "dl 

(.45) 

If  these  expressions  are  averaged  over  n  pendulum  days 
between  times  I  -  2irn//  and  t.  we  obtain: 

Ini  +  iliv  =  Q  =  (ijp„)  '( t- ‘  +  it')  -  (- I )"{ifpt\)  ' 

r  ’  '  dui 

x  J  <t>(u!)c  "  ’  sinc[(o!  -  ( )mr// )  —  .  (A6) 

«  h  =  z-V,v(— J  -  Re(~  1  YXHptt)  1 
\P(i.'/ 

f  *  di jo 

x  J  \k{o))e  '“H'  ’  sinc[(a>  -  t  )mc/l  ]  —  .  (A7) 

where  <Ww)  is  the  direct  Fourier  transform  of  t'U) 
+  ir  'll). 

f '  -  do) 

r'  +  tr1  =  J  </>(u>)e  .  (A8) 

i^(ai)  =  (d,  -  /d,W>(u>).  (A9) 

The  first  terms  on  the  right  of  (A6).  ( A7)  are  the  usual 
“steady"  forms  for  the  Ekman  transport  and  diver¬ 
gence.  although  here  they  are  replaced  by  time-averaged 
quantities.  The  remaining  time-dependent  contribu¬ 
tions  consist  of  flucuations  driven  by  a  frequency  hand 
of  the  rotary  wind  of  width  l/n  centered  on  the  (clock¬ 
wise)  inertial  frequency  /;  this  is  the  effect  of  the  sinc[(u; 
-  I  )mr/f]  spectral  window.  These  can  be  reduced  by 
increasing  n.  which  reduces  the  bandwidth  of  admitted 
wind-driven  near-inertial  flucuations.  They  are  in  any 
case  small  if  subinertial  variance  of  the  w  ind  dominates 
near-inertial  variance. 
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Abstract  Pour  discrete  acoustical  frequencies  were  used  to  determine  lire  depths  ot  migrators 
and  non-migrator\  scattering  lasers  1  aseis  were  msomlied  with  a  broad-band.  low  ttequenes  ( I 
At >  k H / >  acoustic  souree  and  sampled  with  a  100  m  tope  tiawl  with  live  opening  and  closing 
eodemls 

I  he  predominant  lishes  with  gas-tilled  swimhladders  caught  in  deep  (INN  250  in)  das  tune 
lasers  were  I'tnioniu  hiplitim  mu  ken  and  /’  tlnoupsinu .  whereas  I’ntionni  i<>phtun  spp  and 
fbnpftus  diem  were  the  most  common  species  in  <U *cp  025-225  mJ  night-lime  lasers  the 
common  lishes  with  gas-tilled  swimhladders  in  shallow  1 1 c  SO  m)  night-time  lasers  were  l>  them, 
S  icnubnn  funs  lencopmrns  ( <55  mm).  Ttirleinnheanm  i  reunions.  SyinhnUipImrus  eolitomiensis 
and  /.mj'uu/o  nmrtlo.x. 

Veer  estimates  o|  distributions  of  bubble  radii  were  similar  tor  deep  das  and  deep  night 
scattering  lasers,  but  a  wider  range  ol  bubble  si/es  existed  in  shallow  night-time  lasers  than  in 
deep  das  and  deep  night  lasers 

\  model  which  considered  s|x-eies-speei!ic  parameters  ol  morphologs.  phssiologs  and  beha¬ 
vior  provider!  estimations  of ‘the  distributions  ol  swimhladder  radii  tlrat  most  eloselv  matched  the 
aenustteullv  estimated  distributions  ot  bubble  radii.  Comparisons  ol  acoustic  data  and  net  catch 
data  indicate  that  msclophids  ssjth  gas-lilled  swimhladders  may  maintain  swimhladder  volume  at 
a  level  Mow  that  required  tor  rteufruJ  hum. -mo  f  urthermore,  there  js  some  evidence  suggesting 
that  large  msclophids  maintain  a  constant  swimhladder  volume  riming  vertical  migrations,  but  at 
volumes  that  result  in  negative  huosancs ;  smaller  myctophids  mas  maintain  a  constant  swmihlad- 
der  mass  during  vertical  migration. 


I  N  I  KODl  (  I  ION 

I  in  composition  of  sound  scattering  layers  in  main  geographical  regions  has  been 
documented  utilizing  both  acoustical  and  biological  sampling  methods.  Manv  studies 
have  estimated  the  depths  of  sonic  scattering  layers  (SSl.'s)  bv  means  of  single  frequency 
eehosounders  and  sampled  SSL's  using  opening  and  closing  nets  (Lomov  1963:  Liu  i  ini. 
el  ill..  1971:  Pukwiu  etui.  1971:  Ki  i  <  km  h  and  Ciimis.  1972:  Baim-ock  and  Mi-kki  ft. 
1976;  Pi  \r<  a  el  a/..  (977;  Fkii  bi  el  at.,  1977;  Samiuki.  19X2  and  others). 

Few  studies  have  employed  multiple-frequency  sound  scattering  techniques  in  eon- 
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junction  with  biological  sampling.  Utilizing  an  explosive  acoustic  source  Holliday  ( 1972) 
found  that  the  low-frequency  structure  of  the  echoes  from  single-species  schools  could  be 
correlated  with  resonant  scattering  from  swimbladders.  Partial  collection  of  the  targets 
(northern  anchovy  schools)  made  it  possible  to  predict  scattering  spectra  based  on 
models  of  sound  scattering  from  swimbladder  fishes.  L  ter  studies  by  Batzler  et  al. 
(1973),  Batzler  et  al.  (1975)  and  Love  (1975,  1977)  attempted  to  predict  sound 
scattering  intensities  based  on  trawl  collections  and  models  of  sound  scattering. 

Holliday  (1977),  Johnson  (1977)  and  Greenlaw  and  Johnson  (1983)  presented 
solutions  to  the  opposite  problem,  involving  the  prediction  of  sound  scattering  layer 
composition  based  on  multiple-frequency  acoustic  data.  Johnson  (1977)  found  some 
agreement  between  the  abundance  of  fishes  with  swimbladders  and  abundance  from  fish 
catch  data.  Holliday  (1976.  1978,  1980)  found  good  agreement  between  relative 
abundance  with  size  estimated  acoustically  and  from  net  collections. 

Biological  studies  of  scattering  layers  off  Oregon  indicate  that  at  least  five  species  of 
myctophids  with  gas-filled  swimbladders  commonly  occur  in  the  upper  mesopelagic  zone 
(Pearly  and  Laurs,  1966;  Pearl  y  and  Meselar.  1971;  Pearl  y  et  al..  1977).  Kleckner 
and  Gibbs  (1972)  noted  the  importance  of  understanding  species  composition  in  acoustic 
studies  of  scattering  layers  because  of  species-specific  differences  in  swimbladder  size  and 
shape.  Studies  by  Kanwisher  and  Ebeling  (1957),  Marshall  (1960),  Capen  (1967), 
Zahuranec  and  Pugh  (1971),  Butler  and  Pearl  y  (1972),  Kleckner  and  Gibbs  (1972), 
Brooks  (1976,  1977),  Johnson  (1979)  and  Neighbors  and  Nafpaktitis  (1982)  have 
considered  the  relationship  between  fish  species  and  swimbladder  size  of  midwater  fishes. 
These  studies  acknowledge  the  importance  of  swimbladder  size  in  acoustical  studies  and, 
concomitantly,  buoyancy  regulation  for  understanding  acoustical  observations.  There¬ 
fore,  a  thorough  understanding  of  scattering  layers  based  on  acoustical  studies  requires 
knowledge  of  species  composition  and  buoyancy  regulation  in  the  midwater  environ¬ 
ment. 

In  this  paper  we  present  data  from  multiple-frequency  acoustical  measurements  and 
concurrent  trawl  samples  and  describe  correlations  between  the  acoustical  and  biological 
structure  of  migratory  and  non-migratory  sound  scattering  layers  off  Oregon. 

METHODS 

Data  were  collected  from  the  F.  V.  Pat  San  Marie  from  10  to  19  September  1981  in  an 
area  between  44°25'N  and  44°41'N  and  between  125°49'W  and  126°05'W,  approximately 
100  km  west  of  Newport,  Oregon.  Water  depths  were  approximately  2800  m. 

Two  acoustical  sampling  techniques  were  used  on  this  cruise.  ( 1 )  An  arcer  (Holliday, 
1978,  1980)  served  as  a  broad-band  (1-30  kHz)  acoustic  source.  The  arcer  consisted  of 
three  components;  a  bank  of  storage  capacitors  (60  kJ  capacity)  which  was  charged  to 
approximately  7500  V  through  a  step-up  transformer,  an  air-gap  switch  or  control 
section  which  fired  the  arcer,  and  an  electrode  assembly.  Arcer  electrodes  and  an 
omnidirectional  hydrophone  were  lowered  to  a  specific  depth  above  the  scattering  layer. 
The  arcer  and  hydrophone  cables  were  separated  by  15  m  on  the  ship.  Based  on  the 
experimental  geometry  and  sample  durations,  insonified  volumes  were  calculated  to  be 
ellipsoidal  shells  of  approximately  19,000  m1  effective  volume.  Firing  of  the  arcer  was 
controlled  on  board  the  ship.  Echoes  were  displayed  in  real  time  and  only  those  echoes 
which  displayed  high  signal-to-noise  ratios  were  analyzed.  Echoes  were  recorded  as 
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voltage  vs  time  on  a  digital  computer.  For  acoustic  data  collections  all  ship  power  was 
turned  off  and  acoustic  equipment  was  powered  by  two  111)  V  diesel  generators  placed 
on  deck  to  reduce  ship's  radiated  noise.  However,  platform-associated  noise,  specifically 
wave  slap  on  the  ship's  hull  and  vibration  from  the  generators,  was  still  a  significant 
problem  at  low  frequencies. 

(2)  Two  transducers  mounted  in  an  Endeco  V-Fin  and  suspended  from  a  boom  to  a 
depth  of  3-5  m  were  used  to  obtain  quantitative  data  on  scattering  strength  vs  depth  at 
four  discrete  frequencies  (15.  20.  25  and  30  kHz).  Discrete  frequency  data  were  collected 
before  and  after  each  areer  east  and  during  net  tows. 

Biological  collections  were  made  with  a  rope  trawl,  mouth  area  of  about  100  nr. 
equipped  with  a  Multiple  Plankton  Sampler  (MPS)  with  five  opening  and  closing  eodend 
nets  [see  Pi- arcs  ct  til.  (1077)  for  a  description  of  the  MPS].  The  trawl  was  lined  with 
10  mm  stretch  mesh.  MPS  nets  were  (>  mm  mesh  with  0.505  mm  Nitex  eodend  nets.  The 
depth  of  the  trawl  was  monitored  either  by  an  Institute  of  Oceanographic  Sciences  (IOS) 
acoustical  net  monitoring  system  (Bam  rc/  al..  1073)  or  a  Furuno  netsonde.  Net  tows 
were  made  in  full  daylight  or  during  the  night  to  avoid  the  dawn  and  dusk  periods  of  most 
active  vertical  migration.  Daytime  tows  were  positioned  near  the  migratory  sound 
scattering  layer  which  was  centered  at  a  depth  of  235  m.  Shallow  ( ( f— SO  m)  and  deep 
(125-255  m)  night-time  tows  sampled  migratory  and  non-migratory  scattering  layers, 
respectively.  Towing  speed  was  1 .5—2.0  kn  (2.N-3.7  km  h  ').  Volumes  filtered  were 
estimated  bv  multiplying  the  distance  traveled  by  the  ship  (based  on  l.ORAN-C'  fixes ) 
times  the  mouth  area  of  the  trawl.  A  total  of  33  collections  were  made  from  X  tows 
(Table  I). 

Collections  were  frozen  or  preserved  in  10"..  buffered  Formalin  and  seawater. 
Micronekton  were  sorted  into  major  groups  (fishes,  squid,  shrimp  and  euphausiids). 
Fishes  were  transferred  to  20"..  and  then  5(1", ,  isopropy  l  alcohol  and  identified,  counted 
and  measured  (standard  length). 

Data  analysis 

Algorithms  for  estimating  the  biological  composition  of  scattering  layers  based  on 
acoustic  data  are  discussed  in  Hot  now  (1977).  Johnson  (1977)  and  (im  ini  vw  and 
Johnson  (19153).  Estimates  of  the  size  and  abundance  of  gas  bubbles,  presumably 
swimbladders  of  fishes,  were  obtained  from  the  areer  data  bv  inversion  of  the  following 
set  of  equations  (Gki  i-ni  vw  and  Johnson.  19X3). 

I ,{t.  f)  =  /„(/)  I  Rif.  u)\,  (iildu. 

‘  ( l 

where  l7  is  the  scattered  intensity  at  a  time  t  after  transmission  and  frequency  /.  Rif.  a)  is 
a  coefficient  for  a  seattercr  of  size  a  and  ,V,(«)  represents  the  number  of  scattcrcrs  of  size 
a  in  the  insonified  volume.  In  cases  w  here  the  number  of  scattcrcrs  is  not  large  enough  to 
assume  a  continuous  distribution  of  sizes  or  where  the  size  distribution  is  discontinuous 
we  can  apply  the  summation 

l,<t.  f)  =  Ut)  V  \Ja,)R(f.  a,). 

i  -  i 

where  v  represents  the  number  of  size  classes.  Applying  this  equation  to  each  of  the 
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tiequcncics  sampled  we  obtain  a  sol  ol  equations 

/(/,)-  \(</, )«( / . .  «/,)  *  u)  ■  .  ■  ,/;) 

/(/')  =  \(U,)K(f-.  «|)  +  \  (  <1  -  )/<{/,..  (/<)  *  .  .  .  V((|;)K(/..  1/;) 

/|/,l  '  M«|)W(/,.  I/,)  ‘  V|(/.)K(  /,  .  (/  )  +  .  .  .  -r  \  (  -  )/^(  /,  .  ,/,) 

I  lie  abundance  of  ditterent  si/es  of  ens-hlled  sw  imbiadder  nidi)  o;m  ho  estimated  from 
I  ho  solution  ol  this  sot  ol  equations  A  constrained  least-squares  algorithm  (NNl.S: 
I  si  is  and  II  \ssn\.  I‘t'4)  was  applied  to  the  areor  data.  I  ho  coetticients  /((/.  a,),  m  this 
ease  tor  lishes  ruth  tins  -tilled  swimbladdcrs.  wore  ostimatod  usuh;  the  model  ol 
Am >ki  i  v  \  t  as  modified  b\  \\  t  s 1 1 1\  (  1 007 ) . 

Initial  estimates  lot  the  \  ol  nines  ot  eas-lilled  s\\  mi  bladders  ol  tishos  oapl  tired  with  the 
luo  in  midwater  trawl  were  obtained  from  a  neutral  buouinev  model  Subsequent 
variations  ol  this  model  are  considered  in  the  results  section 
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I  lie  average  biomass  ol  all  mu  tonchton  caueht  in  the  deep  t  I  25  ms  n,  |  nielit-time  net 
lows  was  almost  nine  tunes  that  cuue.hi  in  deep  i  Ins  250  m  I  daUinte  tows,  and 
micionekton  biomass  captured  in  shallow  pi  mi  mi  mclu-time  tows  was  almost  50"., 
eicutct  than  that  ill  deep  mo  In  t  line  lows  i  I  .this  2 1  Much  ol  l  Its'  biomass  w  as  al  It  ilui  table 
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to  Euphausia pacifica  (deep  daytime  and  shallow  night-time)  and  mvetophid  fishes  (deep 
night-time).  Biomass  estimates  of  euphausiids  (approximately  2  cm  in  total  length)  and 
small  fishes  are  underestimates  of  true  biomass  because  of  escape  through  the  net  mesh 
of  the  trawl.  However,  large  relative  differences  in  biomass  between  net  collections 
indicate  real  variations.  In  the  deep  daytime  scattering  layer,  fishes  with  and  without  gas- 
filled  swimbladders  contributed  equally  to  the  total  biomass.  The  large  difference 
between  deep  daytime  and  deep  night-time  biomass  estimates  was  due  to  the  evening 
ascent  of  fishes  without  gas-filled  swintbladders  (primarily  Stenobruchius  leucopsarus 
>35  mm)  into  the  deep  night-time  depth  range.  Mvetophids  with  gas-filled  swintbladders 
dominated  the  shallow  night-time  collections  (Table  2). 

Based  on  our  examinations  of  fresh  specimens  at  sea  and  frozen  specimens  in  the 
laboratory ,  six  species  of  myetophids  generally  had  thin-walled  (an  indicator  of  a  deflated 
gas-filled  swimbladder)  and/or  g.ts-filled  swimbladders.  and  were,  therefore,  assumed  to 
be  the  predominant  low-frequency  sound  scatterers.  These  were  .S',  leucopsarus 
( <35  mm).  Protornvctophum  crockeri,  P.  thompsoni.  Symbolopliorus  californiensis, 
Tarletonbeania  crenularis  and  Diaphus  theta  (Table  3).  The  northern  anchovy  ( Engraulis 
mordax),  which  has  a  gas-filled  swimbladder,  was  present  in  two  shallow  night-time  net 
collections.  Other  fishes  with  gas-filled  swimbladders  occurred  in  insignificant  numbers 
and  are  not  considered  in  the  analysis. 

Bin  [Rand  Pi  aro  (1972)  reported  both  thin-walled,  gas-filled  swimbladders  and 
small,  reduced  swimbladders  in  large  D.  theta  and  T.  crenularis.  Nmcuiboks  and 
N  ai  p  \ki  ms  ( 19X2)  did  not  find  gas  in  any  of  the  large  D.  theta  they  examined.  All  of  the 
33  fresh  D.  theta  (36-73  mm  SL)  and  7  of  9  fresh  T.  crenularis  (3-4—8 1  mm)  examined  for 
this  study  had  thin-walled  or  gas-filled  swimbladders.  For  subsequent  calculations  all  D. 
theta  and  T.  crenularis  were  assumed  to  possess  gas-filled  swimbladders. 

Physonect  siphonophores  may  make  a  significant  contribution  to  resonant  sound 
scattering  at  low  frequencies  (Barham.  1963;  Pk  kwh  i  et  at..  1964).  but  it  was  difficult  to 
determine  the  abundance  of  these  animals  since  they  fragment  and  may  be  extruded 
through  the  meshes  of  the  net.  We  found  very  few  floats  from  physonect  siphonophores 
in  the  samples.  Floats  collected  were  smaller  than  6  by  2  mm  and  only  the  codend  mesh 
of  the  MPS  was  small  enough  to  retain  them. 

Acoustics 

Volume  scattering  strength  profiles  at  four  discrete  frequencies  (15.  20.  25  and  30  kHz) 
provide  evidence  for  depth  and  frequency-dependent  sound  scattering  (Fig.  1).  Differ¬ 
ences  in  volume  scattering  strength  between  day  and  night  profiles  are  evident  at  all 
depths.  A  daytime  vertical  profile  (Fig.  1A)  was  characterized  by  a  distinct  scattering 
layer  at  235  m  and  reduced  scattering  at  shallower  depths.  Volume  scattering  strength  at 
depths  of  <75  m  could  not  be  determined  accurately  with  the  towed  acoustic  array 
because  of  surface  reverberation  Volume  scattering  during  the  night  (Fig.  IB)  was  more 
uniform  with  depth;  however,  peak  volume  scattering  occurred  at  235  m  as  in  the 
daytime  profile. 

Biomass  estimates  of  all  micronekton  from  net  collections  made  within  the  main 
scattering  layer  indicate  that  night-time  biomass  (  Table  2)  is  almost  9  times  higher  than 
daytime  biomass.  Based  on  biomass  collected  in  nets,  the  night-time  volume  scattering 
at  235  m  should  be  approximately  10  dB  higher  than  daytime  scattering  at  this 
depth,  rather  than  the  observed  5  dB  lower  volume  scattering  (Figs  1A  and  B).  This 
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discrepancy  in  biomass  estimates  between  acoustic  and  net  collections  may  be  a  result  of 
more  effective  avoidance  of  the  trawl  during  the  daytime,  changes  in  the  orientation 
and  scattering  characteristics  of  the  species  present,  or  changes  in  species  composition 
during  the  day  and  night. 

Frequency-dependent  variations  in  backscattering  at  a  particular  depth  permit  esti¬ 
mates  of  the  size  of  resonant  bubbles.  Peak  volume  scattering  at  the  lowest  (15  kHz)  or 
highest  (30  kHz)  discrete  frequency  makes  it  possible  to  estimate  the  minimum  and 


SODIUS  cnn> 

big  2  Data  from  a  deep  daytime  (235  m.  IhOO-lhIN  h)  arcer  east.  (A)  Scattering  spectrum. 
Points  are  mean  volume  scattering  strengths  determined  from  multiple  firings  til  the  arcer 
(  urves  are  based  on  the  calculation  of  the  scattering  spectrum  from  the  acoustical  abundance 
estimates  of  bubble  radii.  (B)  Acoustically  estimated  abundance  of  bubble  radii.  The  total 
estimated  number  of  gas  bubbles  was  1.5/1000  m\ 
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.  -i/c'  was  narrower  .it  depths  ol  200-250  m  in  both  the  davtime  and  the  night-time 
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Broad-hand  acoustical  records  were  made  during  an  evening  ascent  period  of  a  sound 
scattering  layer  to  investigate  whether  midwater  fishes  were  regulating  the  volume  of 
gases  in  their  swimbladders  or  if  the  mass  of  swimhladder  gases  was  kept  constant  The 
collection  of  acoustic  data  during  the  evening  ascent  required  that  the  arcer  electrodes  be 
placed  within  the  migrating  scattering  layer  as  it  moved  upwards  However,  the  complex 
interaction  of  numerous  migratory  and  noil-migratory  layers  at  a  single  location  made  it 
difficult  to  track  a  single  discrete  layer  during  vertical  migration  (big.  1 ).  Furthermore, 
the  wide  range  of  acoustically  estimated  swimhladder  radii  at  all  live  depths  (Fig  (>) 
before,  during  and  after  vertical  migration  of  the  layer  made  it  difficult  to  distinguish 
whether  or  not  a  single  assemblage  of  fishes  was  being  monitored  or  different  fishes  from 
other  depths  were  moving  within  the  range  of  the  arcer  However,  the  occurrence  of 
main  si/e  classes  of  sv.  im'dadder  radii  without  significant  changes  in  abundance  through¬ 
out  the  vertical  migration  penod  was  most  consistent  with  constant  volume  migrations 
(Fig.  (i). 

\  log-log  plot  of  the  peak  resonance  frequency  against  the  scattering  laver  depth  plus 
10  m.  makes  it  possible  to  detect  systematic  changes  in  swimhladder  inflation  vv ith  depth 
during  the  migration  period  (Fig  7).  Bv  selecting  the  lowest  fiequence  where  a  peak  in 
scattering  occurred  at  each  depth,  we  assumed  that  a  single  assemblage  ot  fishes  was 
being  followed  in  the  course  ot  a  vertical  migration,  therein  making  possible  the 
detection  of  any  systematic  changes  in  swimhladder  inflation  with  depth  I  he  nature  of 
the  points  plotted  on  Fig  7  can  be  illustrated  bv  looking  at  the  data  sets  used  to 
determine  these  points  The  point  at  >0  m  corresponds  to  a  frequency  o|  2  *5  Ml/  I  hn 
point  was  obtained  from  the  scattering  spectrum  taken  at  40  m  (Fig  V\|  Hie  point  at 
245  m  (Fig.  7)  relates  to  the  low  trequenev  peak  scattering  occurring  at  a  frequence  of 
4.3  kH/  at  235  m  (  Fig.  2  A  )  In  both  cases  the  trequenev  was  the  lowest  peak  frequence  at 
that  particular  depth.  However,  at  44  m  the  lowest  trequenev  ot  peak  scattering  I  1  o  kHz 


Hu  (v  AcnusticulK  estimated  abundance  »»f  dillcfcnt  bubble  ?adu  .n  li\v  ddtcecni  depth's 
Acoustical  measurements  were  made  d  urine  .in  cvenme  ascent  penod  Hr  width  i»t  the  kiu 
diagrams  is  an  in  itor  « »1  the  abundance  o|  a  particular  laduis  *>t  bubble  on  a  l<*e  scale 


I  M  K  \  l  iMI  I  f  .it 


lr  -  ( 36)(d*iO) 


50  6».  »*.  0«:  30  200  300  400 


1 1 ■  1 II  : « i  l v  i  ■  i  m:  un:  1 1 1 1 ■ !  i: 

'  I  .  j.1  IKK'  '  I K  1  :  (V  .  I K  I 

;>■  p  i..  ;■(  M'nf  i  " -n  m. 

■  i  .ii  i.  :  i  'h  •!  i!  i  p.iiiK 
■  :  t .  k  .  .Ik"  :••! 


I  <  i  \  i  ll  I.  i!  1 1-.,  ,  I  'K  ,  HU. I  ft:  I  .  f-  '.V.  '  i|ik'flil  fi  .Hi  (P.  »<>. fill  h.ajt-s  Mill*.  J) 

I  I.  .  I  p  I ,  i  I  >  1  !  til,  -I'  ii!"VV:5'i..'lll  Him  IK'  1 ',u\  I  li  tir.  \\  >  lUll^lllol  Hli  sai'llll  l"WC't 

t ,  .  ji .  ■■  ; ik  ,.  iti,  ■  in.-  .  p  I  I  '  i  ■  mm  .m  1 1  li'h-  '  "  il  h  :.\i'  lilli  d  mi  mil'IuiUi  i ' 

.  1.  I  ■  i  .  ■  !  '  )!’  r  ...  1  II  ... !  1  I  III.  I  .  Ill  II 1 1. 1 1  '  ||  .  '’  1  K  V I U  i  IK  K1'  H  Ik'll'  .1 

■  .  '  'i  ’  1  ,1  i  ;  •  .  I  I  i.  i .  :  ■'  .  1;  1>I  I'  i  .  i  I  I :  'll',''  1  ’  ,1 1  III  '  I  I  k  I  I .  1 1 

'i  i 1  :  ' •  i  ■  p.  ' .\ .  ■%  I  if'".'  'i  i' t <-■  i  in.'  ;h  iK'  it  l * i  lii"!i.i  liv*i|i  .IK  ii  ' 

■II.  I  ■  .  ,1  .HI  ■ :  I II  I  ■ !  Ill  il  ■  1  .  Ill  till  'i  1 1  1 11  I  III;.'  1 II 1 1  III  'I'l 

!  1  ,  ’  ! ,  •  ■  -  II!  V  r!\  .'t  1 1  IK’::'  ini.  I  '  .11  i(*l  I./  •  !"■  '  I '  ‘II.  i  ill 

•  '  it'll-  lt!\ i  ir  I'.im  tin.  ini..  •  •:  ill  I.- mi  '  pi.;  ■  i'll  wliu.li 

,  -  ’I  I '  -•  ’  -II  I  i'll  ’  II;  I'll'..  Ill"  'I  !l  i  .|.K  IK  lv  '  ll  I'  .Ilk  II'  mi '-'I  .It'll  S  lllllll.il' 

!'  i '  ir  i s't-'t  1 1 1! ,  :  ‘  i  .  1 :  iii'ii  ii :  ■  . i  i  .  i  'ii. 1. 1 in  i .  On iik  lliu  1 1  ‘ill'll i'ii >ii  i'  i’.i'i  d  "ii  i  hi- 

,. )  ,'  h  .|!  -  Ii  1 1  ■  '  ■  I  ..  .'  'll  hi.  1 1 .  ;  m  n.  i  .  ■!  ■  .  i .  I  'ill  >i  'I.  "I  1 1  \  i  1 1  'l /i  "hill  1 1  '"11.  i  lli  i' 

:  .  |  ti.  ik  '.  i  -  ;  .I  ■  '|  -"I  I  ii  -  il  1 1  I .  ■  i  !ii  in  n  ,  i .  "  i'  "!  pi  i'siiI  i  I  lli'  .in.ilS'l'  wliiill  i"ll'liii  I' 

..  ii'.  I  in  1 1  i  ‘i.  tl  ■.  ijiiv'tii  \  "I  i  lli  I""  i  'I  i  »  .ik  . I.  i  '  ll"l  pi  ■  '*■  iili  i l.il. i  '  'll  1 1  "III. 1 1  lull  ". 

Hi  'in  .i;  il.  i'.. I  si::  ui  "i.'i  ."iilli'l  ulili  I' 

f  ’  I '  ( " I  1 1 1 1  •  ttu  ml  uk  il" mill. iik  r  "I  .il  I  111  I '  I  .ii  I  Ii  I  M, 'i'  il  1 1  ,i'i  I  i  .lU'jtll  tl'lli' 

I  i  ..■  '  i  iii.li.  il.  1 1,  ii  i  Ik  '  in  ii  i  In  i '"!  "i  in  1 1 ’I  uli  Ii  i .  ii  i  1 1  LM  i  .ili'l  in  'in  l.m  u  .iK  i '  it 

I I  _•  1 1 1  ii'il  I"  .i  i  'i  ui  .  Ii .  |.  u  .i!i  '  din  ui"  iIk  il.n  i  I  il'li  ;i  I  lii'i-  iiiiiil' iii  ii- 'imil.ii  ii' 

Ii.  >'i  I"!  ,K  *  'ii'l  k  !  il.ii.i  1 1  >  m  1 1 1 1  I  Iii  .ii  i  ui'i  k  .ill  i  uu.i'UK'l  ,i'  'Uiiil.iiUi''  iii'ii'  miii'h 
_'K  .ii-.  i  iii. ui  ili"'i  .I.  '  i  i  u  ii  ik  .  I  I'l  Ilk  ii. ml  ii. ik-ili. >ii'  I  hi'  ii.!'  ]'i"!’.ii'li  I’ii. ui'i-  "illi 

II"  I  1 1. 1 1  I  ll  I:  Il  11  'III  m  ill  L’l  "  >.  I  'lLMl.ll  I"  III  'I'l  Kill"'  Hill  .111.1 1 1  /lli 

I  ill  Iilli’l  "I  Ml  lir.l'i  Ill'll I  'l/i  '  I 'lim.  ill'll  1 1 1  Mil  1  (ll  IK'I  Iiilll'illii'l'  .Hill  dll'  Ill'll!!  .il 

i'iii  »i  .uli  i  mi"!i  I  i'  'imil.i!  t"  i  Ii.  1 1  i'l  mi. ilid  hum  i  hi-  .iiu'i  ili'inl'ii'iuiis  lm  ilk'  ilmp 
nujli!  mm  ilid  iliip  il.ii’mii- il. ii  i  I  Ik- ili'i ii  n.iiK i  in  tin-  m. ixi Minin  'ii  iml'l. iilili  i  i.uliii' 


646 


J.  M  Km  isii  <•/  ul. 


between  the  shallow  night-time  net  catehes  and  the  shallow  night-time  arcer  data  sets 
may  be  the  result  of  net  avoidance  by  larger  swimbladder  fishes  in  surface  waters  during 
the  night. 

Because  it  is  unlikely  that  all  midwater  fishes  in  the  net  collections  were  neutrally 
buoyant  at  all  times,  alternative  models  were  considered  for  estimating  the  sizes  of  gas- 
filled  swimbladders.  Bubble  radii  distributions  obtained  from  the  neutral  buoyancy 
assumption  were  adjusted  by  multiplying  the  radii  by  coefficients  (a)  ranging  from  0.1  to 
1 .35.  These  distributions  were  correlated  with  the  acoustically  estimated  bubble  radii  to 
determine  the  values  of  alpha  that  resulted  in  the  best  match  of  acoustical  and  biological 
data  at  similar  depths  and  times  of  day.  At  a  depth  of  200-250  m,  swimbladders  filled  to 
3.9%  (S.D.  =  0.02)  and  22.5%  (S.D.  =  1.4)  of  the  volume  required  for  neutral 
buoyancy  gave  the  best  fit  for  daytime  and  night-time  periods,  respectively.  Correlations 
between  shallow  night-time  arcer  data  and  swimbladder  distributions  derived  from 
shallow  night-time  trawl  collections  indicate  that  swimbladders  were  filled  to  8.4% 
(S.D.  =  0.6)  and  13.4%  (S.D.  =  1 .5)  of  the  volume  required  for  neutral  buoyancy  at  34 
and  40  m.  respectively.  These  results  suggest  that  swimbladders  were  usually  inflated  to 
only  a  fraction  of  the  volume  required  for  neutral  buoyancy. 

The  neutral  buoyancy  model,  both  with  and  without  coefficients,  assumes  that  all 
species  regulate  swimbladder  volume  in  a  similar  manner.  However,  species-specific 
differences  in  body  and  swimbladder  morphology,  lipid  and  water  contents,  and  migra¬ 
tory  behavior  suggest  that  similar  rules  regarding  swimbladder  inflation  may  not  apply  to 
all  migratory  midwater  fishes  with  gas-filled  swimbladders.  Therefore,  the  abundance  of 
swimbladder  sizes  from  shallow  night,  deep  night  and  deep  daytime  net  collections  was 
estimated  taking  into  consideration  the  factors  listed  in  Table  4  pertinent  to  buoyancy 
and  vertical  distribution. 

Because  Protomyctophum  spp.  are  basically  non-migratory  we  assumed  that  they 
maintain  their  swimbladders  at  a  volume  near  that  required  for  neutral  buoyancy,  and 
require  minimal  regulation  to  maintain  neutral  buoyancy.  The  remaining  four  species 
with  gas-filled  swimbladders  all  undertake  diel  vertical  migrations  into  the  upper  50  m  at 
night  (Pi  arcs  ei  al..  1977).  However,  buoyancy  control  mechanisms  may  be  somewhat 
different  among  these  fishes. 

Nt  louuoRs and  N akpaktius  ( 1982)  found  that  /'.  crenularis  and  Protomyciophum  spp. 
both  have  low  lipid  and  water  contents  and  therefore  are  negatively  buoyant  exclusive  of 
the  swimbladder.  However.  Prolomyciophum  spp.  is  non-migratory.  whereas  T.  crenu¬ 
laris  undergoes  vertical  migration.  The  relatively  narrow  body,  narrow  caudal  peduncle 
and  large  pectoral  fins  of  T.  crenularis  are  indicative  of  a  fast  swimming,  active  fish 
(Bust-,  1973).  These  factors  led  us  to  conclude  that  7  crenularis  probably  depends  on 
hydrodynamic  lift  to  maintain  neutral  buoyancy. 

The  remaining  three  myctophids  with  gas-filled  swimbladders.  .V.  leucopsarus 
( <35  mm),  S.  californiensis  and  l).  theta  have  high  lipid  and  low  water  conents  (Bi  n  i  r 
and  Pi  ARt  y,  1972;  Nt  unmoRs  and  Naftakmtis.  1983).  Stenohrachius  leucopsarus  larger 
than  35  mm  achieve  neutral  buoyancy  through  the  deposition  of  wax  esters  (Ni  vi-.nzi  t  el 
al.,  1969;  BiTt.hR  and  Pi  ARt  v,  1972).  However,  in  small  .S',  leucopsarus  the  swimbladder 
probably  helps  achieve  hydrostatic  equilibrium.  The  swimbladder  probably  serves  a 
similar  hydrostatic  function  in  both  S.  californiensis  and  D.  theta.  Stenohrachius  leucop¬ 
sarus  and  Triphoturus  mexicanu  were  both  observed  hanging  motionless  at  day  depths  in 
the  water  column  (Barham,  I1-'*).  These  fish  have  lipid  contents,  water  contents  and 
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similar  as  measured  by  the  two  methods.  The  total  number  of  bubbles  was  greater  in  the 
acoustical  measurements  than  in  the  net  collections,  although  the  relative  numbers  were 
similar  at  different  depths  and  times  of  day  using  both  techniques.  The  most  significant 
differences  between  acoustical  and  net  collection  measurements  were  in  the  relative 
number  of  bubbles  of  a  particular  size  class. 

Differences  in  acoustical  and  biological  measurements  result  from:  (1)  differences  in 
the  depths  sampled  with  the  areer  and  with  the  trawl,  and  (2)  measurement  or  collection 
of  different  targets  at  similar  depths. 

Errors  in  comparisons  of  acoustical  and  biological  data  can  result  from  discrepancies 
between  the  depths  sampled  with  the  arcer  and  with  the  trawl.  If  biological  collections 
are  made  at  a  depth  different  from  that  of  the  arcer  data,  the  size  of  the  fishes  in  the  net 
collections  may  be  different  from  the  size  of  the  fishes  in  the  insonified  water  volume. 
Our  data  show  that  acoustical  estimates  of  swimbladder  abundances  and  size  distribu¬ 
tions  from  two  shallow  night-time  arcer  casts  at  34  and  40  m  were  appreciably  different 
(Figs  4B  and  5B).  The  radius  abundance  peak  was  smaller  at  34  m  than  at  40  m.  This  is 
probably  due  to  differences  in  the  sizes  of  fishes  (I).  theta  and  .S',  leticopsaru.s)  at  these  two 
depths,  with  the  smaller  animals  migrating  to  a  shallower  night-time  depth  than  larger 
animals.  This  supports  conclusions  of  Wit  ns  and  Pi-arcs  (19X0)  regarding  vertical  size 
segregation  in  certain  species  of  myetophids. 

Differences  in  the  number  of  bubbles  of  particular  size  detected  acoustically  and  with 
nets  may  result  from  the  measurement  or  collection  of  different  organisms  at  a  similar 
depth.  Acoustical  data  and  net  collection  data  were  not  obtained  concurrently  and  there 
was  some  spatial  and  temporal  separation  between  the  collection  of  the  two  data  sets 
(Table  I).  C'i  \KM  (1973)  and  Pi  vri  s  et  a/.  (1979)  found  that  not  all  individuals  of  a 
population  of  myetophids  migrate  to  shallower  night-time  depths  each  diel  period. 
Studies  of  sound  scattering  layers  off  Oregon  (Pi  aria  et  til..  1977:  Wn  t  js  and  Pi-. arcs  . 
19X0)  dearly  demonstrate  both  inter-,  and  intraspecitic  differences  in  the  extent  oi 
vertical  migrations.  Migrations  of  individuals  must  overlap  to  some  degree,  resulting  in 
consolidation  and  mixing  of  scattering  layer  constituents. 

It  is  generally  assumed  that  midwater  tishes  with  swimbladders  are  neutrally  buoyant  at 
some  point  in  their  vertical  range  (Marsiiai  i .  I960:  Aiixamiir.  1972:  Vi \t  and 
Pa  kwi  1 1  .  1977).  However,  results  of  this  study  suggest  that  some  myetophids  may  not 
achieve  neutral  buoyancy  with  gas-filled  swimbladders.  For  example.  Protomyctophum 
spp  w  hich  are  collected  from  depths  of  >200  m  do  not  float  in  seawater  and  they  do  not 
have  everted  stomachs  or  enlarged  swimbladders.  Possibly  swimbladders  rupture  during 
ascent,  gases  are  removed  from  the  swimbladder  by  physiological  mechanisms  or  the 
swimbladders  are  not  inflated  to  the  neutral  buoyancy  volume  at  depth.  Microscopic 
examination  ot  fresh  specimens  at  sea.  however,  revealed  no  obviously  ruptured 
swimbladders.  although  this  does  not  discount  the  possibility  of  losses  via  gas  diffusion 
or  small  leaks.  Morphological  and  physiological  studies  (Marsiiai  t ,  1960.  1972; 
Au  x  wniR.  971.  1972;  Bt  iii-k  and  Pi-. arcs,  1972)  indicated  that  myetophids  do  not 
possess  the  capability  to  release  swimbladder  gases  rapidly  Juring  a  forced  ascent, 
although  they  can  probably  resorb  gases  rapidly  enough  to  migrate  vertically  without 
becoming  positively  buoyant  (Marsiiai  i.  I960).  Furthermore,  death  of  tishes  during 
trawling  would  significantly  reduce  or  end  further  resorption  (but  not  diffusion)  of 
swimbladder  gases. 

Bom  (1973)  concluded  that  several  species  of  myetophids,  including  T.  cremtlaris.  are 
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negatively  buoyant  even  though  they  possess  functional  swimbladders.  He  also  showed 
that  the  pectoral  tins  of  Protomyctophum  spp.,  T.  crenularis  and  .S'.  calif orniensis  are 
relatively  long  when  compared  with  other  myctophids  (Table  4).  These  relatively  long 
pectoral  tins  may  be  used  to  generate  hydrodynamic  lift  to  maintain  equilibrium,  thereby 
reducing  the  need  for  buoyancy  generated  by  a  gas-filled  swimbladder. 

Correlations  between  the  abundance  distribution  of  bubble  radii  as  derived  both 
acoustically  and  from  the  neutral  buoyancy  model  suggest  that  swimbladders  were  tilled 
to  volumes  below  that  required  to  maintain  neutral  buoyancy  both  at  daytime  and  night¬ 
time  depths.  These  correlations  are  most  applicable  to  the  more  abundant  fishes  with 
medium  sized  swimbladders.  Initial  interpretation  of  scattering  spectra  indicated  that  an 
abundance  peak  at  a  bubble  radius  of  0.6  mm  in  both  deep  daytime  and  deep  night-time 
areer  casts  (Figs  2B  and  3B)  was  attributable  to  non-migratory  P.  thompsoni  and  /’. 
crocked  (Figs  8A  and  B).  The  peak  bubble  sizes  of  both  the  acoustic  data  and  the 
modeled  net  data  coincide  if  we  assume  that  the  swimbladders  of  Protomyctophum  spp. 
were  inflated  to  approximately  15%  of  the  volume  required  to  maintain  neutral  buovanev 
(u  =  0.53). 

Results  suggest  that  the  myctophids  with  medium  sized  swimbladders  migrated  with 
their  swimbladders  at  a  constant  mass.  Correlations  between  deep  daytime  net  and  arccr 
data  indicate  that  swimbladders  were  filled  to  3.0%  (u  =  0.34)  of  the  volume  required 
for  neutral  buoyancy  at  depths  of  200-250  m.  A  constant  mass  migration  by  these  fishes 
to  40  m  would  result  in  expansion  of  their  swimbladders  to  IX. 3%  (u  =  0.57)  of  the 
volume  required  for  neutral  buoyancy.  Further  migration  to  within  I  m  of  the  surface 
would  expand  their  swimbladders  to  83.3%  (u  =  0.04)  of  the  neutral  buoyancy  volume. 
Based  on  correlations  between  data  from  the  shallow  night-time  arccr  and  net  data,  we 
estimate  that  swimbladders  were  tilled  to  13.4%  (u  =  0.51)  of  the  neutral  buoyancy 
volume  at  40  m.  Constant  mass  migration  to  a  depth  of  1  m  would  expand  these 
swimbladders  to  60.9%  (u  =  0.85)  of  the  neutral  buovanev  volume,  slightly  less  than  the 
predicted  swimbladder  size  of  fishes  migrating  from  225  to  1  m.  Furthermore,  correla¬ 
tions  with  deep  night-time  arccr  data  showed  that  swimbladders  were  slightly  larger 
(22.5%  of  the  neutral  buoyancy  volume,  u  =  0.61)  than  in  deep  daytime  correlations. 
This  may  result  because  fishes  not  vertically  migrating  on  a  particular  evening  may  pump 
up  their  swimbladders  so  that  they  are  closer  to  neutral  buoyancy.  Also,  it  may  be  due  to 
fishes  with  swimbladders  migrating  from  deeper  depths  to  about  235  m. 

Analysis  of  acoustic  and  biological  data  indicate  that  the  swimbladders  of  some 
myctophid  fishes  off  Oregon  may  be  inflated  to  a  volume  less  than  is  required  to  maintain 
neutral  buoyancy.  Furthermore,  these  fishes  may  not  achieve  hydrostatic  equilibrium  at 
any  point  in  their  depth  ranges.  These  results  infer  that  some  myctophids  of  the  upper 
mesopelagic  zone  regulate  swimbladder  gases  such  that  they  arc  always  slightly  nega¬ 
tively  buoyant. 

Several  strategies  are  suggested  for  vertical  migrations  by  myctophids.  Based  on 
acoustical  evidence  we  conclude  that  some  of  the  larger  myctophids  migrated  with  the 
swimbladder  maintained  at  a  constant  volume.  Correlations  between  acoustical  and 
biological  data  sets  indicates  that  medium  sized  fishes  migrated  with  swimbladders 
maintain  at  a  constant  mass.  Swimbladder  regulation  in  the  smaller  myctophids  was  not 
considered  because  these  fishes  were  not  sampled  in  the  deeper  collections. 

Arkrumlalgrments- — Ve  would  like  to  thank  (he  crew  of  (he  F  V  Put  San  Marie.  Marc  Willis  and  Rick  Brodeur 
for  assist  i nee  at  sea  This  study  was  funded  bv  the  Office  of  Naval  Research  under  contract  N00014-7M-C  (MHM 


.1  M  K  \!  IMI  t‘l  ill. 


(i52 


R  1  !  l  Ul  NCI  S 

Ail  k  R.  tl97|j  Ssvimbladder  gas  secretions  and  energy  expenditure  in  vertically  migrating  lishes.  In 

Proi eedtniis  o\  an  mternatiotnii  svmpo.stum  <>//  biological  sound  seatterin g  in  the  ocean,  (i  B.  I  \K<.n  H  sk. 
editor.  Maury  Center  lor  Ocean  Science,  pp.  74— S 1 

At  l  \  \NDt  K  R.  ( 1972)  |  he  energetics  of  vertical  migration  by  fishes.  In:  I  he  elfeeis  of  pressure  on  organisms. 

M.  A  Si  I  K.Hand  A  (i.  M  \<  Dos  si  t>.  editors.  Academic  Press.  New  York,  pp  273-294.  J 

\\i)ki  i  s  \  I  B  tl%4)  Scattering  ol  sound  by  air  bladders  ol  fish  in  deep  sound-scattering  layers  Soctet 
Physics-  Acoustics.  1(1.  17-20 

HuiMKkJ.  andN.  R  Ml  KRl  t  l  1  I97b)  Midw ater  fishes  in  the  eastern  North  Atlantic.  I  Vertical  distribution 
and  associated  biologs  in  3il  N  23  W .  with  developnient.il  notes  on  certain  imetophids.  Progress  in 
Oceanography.  7.  .'ON. 

H\mrA  Di  C  .  M.  R.  Ci  \km  and  M  .1  1 1  akkis  <  1973)  Nie  N  1.0  combination  net  (KM  I  I  +  N)  and 
further  developments  of  rectangular  nudwater  trawls  donrmi/  ol  the  Marine  Biological  Association  ol  the 
l  titled  Kingdom.  53.  KC-IS-t 

B  \kh  \M  V  (»  I  P»b')  Siphonophores  and  the  deep  scattering  laser.  Science.  140.  S2<»  n2n.  1 

BSKHSM  1  (i  I  PCI)  Deep-sea  lishev  lethargy  and  vertical  orientation  In:  Proceed  inns  of  an  international 

symposium  on  btohniiiul  sound  unitcnne  in  the  incan.  (»  B  1  skut  n  sk.  editor.  Maury  (  enter  lor  Ocean 

Science,  pp  HUM  lb.  ^ 

Hm/iikW  l  .  V\  A  I  kii  Ml  and  l  W  Rt  t  si  (  pc.'j  (  an  acoustic  volume  scattering  be  predicted  from  net  ] 

haul  data  ’  Journal  <d  the  Analytical  S luictv  of  Amcnai.  54.  291).  1 

B\i/ttk  \\  l  .  I  \\  Rl  l  si  and  W  \  I  kit  nt  (1075)  Acoustic  volume  scattering:  its  dependence  on  \ 

1  requeues  and  biological  scattereis  Nasal  l  ndeisea  Center,  leehmeal  Papei  442.  27  pp  ( 

BeM  (.)  tpc.t)  A  note  on  the  buoyancy  ol  some  lantein-hshes  ( Msctophoidci).  Journal  of  the  Mannt  I 

Hiolo^nal  \ss,H  tation  of  the  fulled  Kingdom.  53.  bI9-b3.v 

Brooks  A  I  i  PCn)  Swmibladder  allometrs  «'!  selected  mid'sater  tish  species.  Nasal  l  mlersea  Science  (  enter  | 

leehmeal  Repoit  49S3.  44  pp  , 

Bk"iiks  A  l  <pr?i  A  studs  of  the  swmtbladders  ol  selected  mcsopclagic  fish  species.  In:  (heunt t  sound  I 

Sitiiferiny  predation,  N  R  \M»l  Kst  n  anil  B  I  /.silt  k  \M  <  .  editors.  Plenum  Press.  New  'fork, 
pp  5<»5  5‘Mi 

Bi  m  k  .1  I  and  \\  (i  Pi  \k<  s  f|972)  Swmibl.iddci  morphology  and  specific  grants  ot  imetophids  oil 
Oregon  lotonal  ol  the  f  isheries  Rescan  It  Hoard  <>i  (  anada.  29.  1 145  I  I5i> 

(  si’t  n  R  I  i  |9b**)  Sssmihladder  morphologs  o|  some  mesopelagie  lishes  m  relation  to  sound  scattering,  I  S 
Nass  I  Icctiomcs  1  aborators  Research  Report.  2l>  pp 

(  i  skkl  I  \  (  PC.')  Some  aspects  ol  the  ecology  ot  lanlcrntishcs  ( Msetophidae I  m  the  Paeilie  Ocean  neat 
Hawaii  fntted  States  h\her\  Hulletm.  71.  4U4-434. 

Iiut:v>  \  \\  .  <i  \1  (  silt  nt.  R  \t  Insks.  I  A  IHWiri.  Ik  and  I)  \\  Bkosss  (  PC) )  pelagk 
communities  and  sound  scattering  * »!t  Santa  Barbara.  California  In:  Pnnccdtni’s  of  an  international 
w mposunn  on  b/o/og/«  a!  suittnl  altering  in  the  m  ean .  (i  B  I  s k < .> i  mar.  editor.  Mams  Center  lot  Ocean 
Vie  nee.  pp  l  l‘» 

b'Sins  l‘  (  I9b3 1  An  automatic  opening  closing  des  ice  lot  large  plankton  nets  and  midwatei  trass  K  Journal  ol 
the  Marine  Hiolo^nal  Awmtation  ol  tin  (  titled  Kingdom.  43.  295  At  IS 
I  k;i  mi  \\  \  .<»  \  PukssiitandR  I  YimiPC?)  |  he  MIN(  )\  program  an  example  of  a  multidrsciplin- 
ais  oveame  investigation  In.  Oceana  satonl  Mattering  predutnm.  N  R  Asni  kst  n  and  (>  B 
I  skot  tl  sk.  editors.  Plenum  Press.  New  York,  pp  59 1  bis 
(ikllM  sw  C  I  and  R  K  Johssc  >\  |  |9S5)  Multiple  Requeues  acoustical  estimation  Hioloyual  (h  eano- 
eraphx .  2.  22"^  252 

lb  >1  i  il *  vs  I)  V  |  PC2)  Resonance  structure  in  echoes  tioni  schooled  pelagic  lish  Joint  al  id  the  Aeoustnai 
Soi  iet\  of  Amern  a.  51 .  H22  1'32 

Unit  mss  l>  V  (  |97(»)  leehmeal  repoit  on  explorators  deselopment  in  the  application  ol  swimbladdci 
resiuianee  techniques  to  marine  surveys  I  iacor  Document  I  -7b-SD  IBM  0. 

Holiness  |)  V  ||977)  extracting  bio -physical  information  Horn  the  acoustic  signatures  ol  marine  organisms 
In  (heanh  sound  seaitennn  preduuon.  N  R  Amu  kst  \  and  B  .1  /sin  kssn  .editors.  Plenum  Pi  ess. 

New  N  ork .  pp  b|9  b24 

lb  n  i  m  ss  I)  \  (prs)  MORDAX  I!  Ill  IV  hacor  Document  I-7N-SD-M02  V4-C.  22hd  pp 
H'Mimss  H  \  ( 19} ■«))  l  \e  of  acoustic  Ireijuercy  diversity  lor  marine  biological  measurements  In:  \dvamed 
lotnepts  ot  mean  measurements  for  marine  luoloyy.  I  I*.  Du  mi  k.  \  .1  \  t  ksm  ki.  ami  D  /.  Mikm  s. 
editors.  Cmsersjiy  o\  South  Carolina  Press,  pp  42.V-4hO 
h  iitNsi  K  1 1977 )  Acoustic  estimation  ot  scaMcrmg-lavcr  eom|>osinon.  Journal  <d  the  Aunisimd  Society  >d 
Amern  a.  61 .  I  Mb-  |b39 

JnM’ssus  k  K  (1 979 1  ( »as  bubble  si/es  lor  selected  imetophids  School  ol  ( Kvanographs .  Oregon  State 
Cmsersits.  Kclcrcnce  "9  b.  IS  pp 


Siuiiul  seaMcnne’  laxem  "II  Oicsinn  fO  > 


K.  wwtMii  k  I  and  A  l  hiuv.(N5*’|  Composition  .>1  the  *::i'  in  P.illn  pelaim  lishes  />.•./>  Sew  A Vmvn/;  4 

211  :r 

Kl  I  i  KM  It  K  C  Hkl  K  il.  (  ilHHs.  .Ik  1  1  **“'  2  J  Swimbladdei  V  incline  ol  Medileiianc.in  mii.Iw  ale i  ti'hes  and  i 
method  ot  eomp.Minj 'vwmhladdei  xlata  with  pinnies  in  \/<  \iiirniintan  /wo/oe/< .//  wm/v  -\  I  m  il  ICp.M! 
Yol  I .  Smithsonian  InMitulion.  pp  2*n  2M 

[  I  ami  R  .1  II  \\mi\  (  l‘J"4|  .Si»/u//c  /««.'/  s«/m/fV'  /»/oAAn/v.  Pienlke  I  I  ill  I  mjlewoi »J  (  lilt'  V_  u 

lei  sex .  'hi  pp 

I  n\l  K  II  iPC'j  Predictions  ol  xolmuc  M/.inciint:  Muriidh  Ii.mii  ImoIo.jk.iI  n.txxl  data  /.mm;  .  •  m 

\i  •  'toll!  I./  S.*(/c7\  «»/  CmM/< 57.  hKI  Am 

I  .  >\  i  K  II  i  ! i  in  the  ou  tel.ihon  oi  \  olume  nv.' ii  m>  nm  mu  luilm  to  hioloju  .il  am  .i  h,  <  >.  .  .  > 

u  >iin-nni:  I'h'Ju  \  k  \m>i  im  \  .uul  II  I  /  mis  k  w  •  .  eJitor *.  Plenum  Pk"  V  w  A  ■•(»-. 

pp  h.M  < >  4ti 

M  \KsM  \  l  i  \  H  i  I'h'i't  Swiml'l.uKier  Ml  ik  txii  e  «*!  deep  se.i  M'hcs  in  relation  to  '  heu  '\  m  m  Mix '  me  ■  ■>  •!. 
/auowm  Rc;»'fh.  3i  i  ::: 

M  xkMi  \;  i  \  H  iPC2)  Sxximhl.iddcr  or  n  uu/alitMi  ami  Jepih  ranee'  o|  jv  t  p  .  t,i...ist»  s 
/ i/v/jf firnhi!  M  *M/>os;/m/  26  A* i  2 "2 

\l  :« .lth«  *ks  \l  A  arul  H  ( i  \  \i  !•  \k  i  \  l  is  i  P»2 !  I  ipnl  compo'iiion'  iniar'iiMi!''  >vv  mm!  id. ;  ■  m-  a  ph  -i  > 
jk'  arul  huoxaikics  o|  nineteen  specie'  ot  nmixx.itci  ii'hx'  i  i  >■  iimn-pimP  md  ik  •  ■  'p«.  n  >  M..>  ■ 
/»/•  A » o \  .  66.  V"  21' 

V  M  S/I  i  I  (  .  W  k*  *1*1  t  -  K I  k  I  S  K"k:Sv  m  arul  \1  K  V>  \M  \  <  i'lr.ui  ih.  1 1  j  >  i .  ■  i  ■  •  .  .■!■  :  ■  i  ■  •  *  • 

itamilx  M\.Jophidaci  (  <>n:f>,r ,rn  -  lii>>x  fu  \  l‘>;\ m  A  j.  \  >  d. 

Pi  \k<  x  \\  (.  aini  k  M  I  i<\ t  im»ni  \  er'K .-I  mutation  aiwi  iliMti'uiiiori  in. 'op  i  :  1 1 .  'ixju  •  t  ■  • 

/><</>  v..-  K.  stU'J:  13  1''  Im 

Pi  \K>  x  \\  ( i  arul  k  S  Ml  m  <  \l<  i  !  n*  :  ■  V  ..!  k  r  in  .■  I.r.  x  i '  eiiii  r  m  -.i  .ho  1 1!  i  -  m  a  :-.u 

(Mejon  In  . . x  ./we*  <  •:,<»:  a::. */.•./'  x  \ .x;.  f"  ’  uau  .  .  •  ••  ‘  <  h 

I  xki.'l  n \K.  eiliior .  Maun  t  v,  ntei  lor  t  Kx.  ui  Sx  rerux  pp  'V 
Pi  v  k  *  x  \\  M  l  i  KkX  ..a  k  |<  Mi  'i  k  .lid  I  l<  w-.i  >  i  '■*  1  \  .  i  ’ 1  .i  1  i 1  ui .  ■  ••  a.  -  •: 
ox  eame  urn  ronekton  otM  )re;jon  />..;■  x. A’<  o. -■  24  'M 

1*1  \  »o  X  \\  (  I  1 1  \  I  <  -k.'  am!  w  1*1  !!!•:'•  os  ,!  u'w  I  (,  -inp.ir  I'OM  ..  ,n  • ,  •  u  • 

muixilorx  S/t’/ndv.i. /.'.mo  A  i \h  v  topln.lae  1  H:  .  -.  51 


l’k  k\M  .  :  M  \  I  <i  h\kh\M  atul  I  W  ' '  N.  i  | 1  *i <■!  i  (  .ii  I ' ■  •  M  lie;.  ' i  -  ■ . ! . . 

-iphonophoit  S.  .  144  v"  mi’ 


I’;1  s.xx i  i  ;  l . 

\ 

R  l  \i'-'  1 

(  .  H 

\  ix :  i  \  x 

1  W  1  IH  i 

II.!  1  1 

1  •  • 

■  Id.  ■ 

■  .  i 

alter  im: 

oil  sxmrhetn  <  . 1 1 

it.  >r  ni. 

H  .. 

a  l  . : i 1 1 •  •  i  li m 

and  < 

ill  ill!  ip 

x  I'i  uid 

In  ! 

nth 

a/  u  Mum 

o/o/o; 

m ' . . .  ,  ••• 

t  .  P  1  . 

■a 

a:.-  M 

(  i  llkl 

lor 

(  A  v  an  V  tern «.  p 

r  Jl'11 

'1 1 

S  \ Ml 

<  .  1  > 

i  > 

i  pk2  i  /ooplankion  u 

1.!  mu 

i« mu  k ion  it*u ikS.i i ix 

.  Ill  !...  * , i 

"lx  eu  I; 

1  .  !  x.  - 

..  \ 

Sxotia  ■ 

-i..P 

e  (  uiutu  1 

•. 

•  '  ..m.:  \  . 

. ..  S.  .  i 

w 

"oil  ‘ 

\iv 

1 1<  i  . 

uul 

( .  \  P:>  k xx  i  ;  i 

I’M', 

\  x  *  *11' 

!  k  Vt'hlllk  'x 

.1*1x1  ill 

MU  I'  M 

.nun*'  u  i ! ! 

. ..  .  ,,  , 

x  Ik-nik 

,.i  ..i 

t’serx  all*  'ik  in  the 

Ik  '1  'll 

.  .'lelll  1 1 «  'I'lx  li  P  ix 

lh.  In 

/I,  . 

.  ;>  .,  >, 

■  '  ' 

\ 

K 

\M  »l  KM  \ 

and  P  1  /  vlr:  k 

\M  • 

exlitoj 

-  fix  Main  !’i 

X" 

S.'ik 

IT  '  '' 

i  s 

I  ■  N  1  > 

i  i 

l"r.'  i  Sound  ptoi 

I'.if.sl  I- 

on  in  ’ 

Ik  pk'illxi 

o!  Max 

!.l,  1  It'll 

111  l  >:.h  ’ 

\  ■ 

\  M 

\ :  hi  ns.  editor  Plenum  Pi ^ 

o  \x 

«  e  >i  x  pp 

"  S' 

W  il  ! 

M  1  M 

am 

i  \\  (  i  Pi  \k«  x  i 

Spatial 

and  tx  nip. m  i 

1  X  111  It 

l>  'P'  111  1  ili 

,  pop-lle  l.. 

n  a.  k 

;  .  •  •  •  f 

laiiter  nlkln 

.  '  i  M\i  tophrdae  1 

ot:  f  )i 

x  jon 

l  s  \  lAo, 

,  Hi.,:.. 

ei  5**  '• 

/  \in 

K  \M  < 

H 

1  and  U  I  p: 

•  a  i  i 

pn  i 

HioIo.jk.,!  Ix 

'till '  : i 

loin  'x  i ‘ ' 

e  me  . i *x •-  i 

■  1 1  i  \  . 

•i  'll-  li.  ■ 

•Ik 

\or  \iei 

mm 

Sx  a  111  /■' . il/iie-'' 

,in  :ni< 

rn,i::.  .  - 

./•ox;;,/' 

;  •  ! 

-  /•  ■ 

(.HI 

\K> 

"  1 1  \ k  olu.M  M 

atm  1 

x  ntx  i 

|.M  i  »x x  m  s. 

n  ik  x 

PP  ;,,li 

Reprinted  from  Journal  of  Physical  Ocfanooraphy.  Vol  16,  No  7.  July  IVK6 

Ammcan  Mfirorok^pcaJ  Society 


The  Australian  Coastal  Experiment:  A  Search  for  Coastal- t  rapped  Wates 

II.  J,  pRH  I  \M)".  I  M.  BOIXSUJ.  A  (III  Rdl.  A  J  Cl  IKKI**  A  M  (>  loKHIS.  \  III  tIK1 
R.  1 .  SMiiu1.  R  O  R  N  I  iiompson"  \\n  \  J  Whim 

(  SIR()  ( K  ctMt la\nu inm  ~<n>!  I.W',;. ... 

(Mjnuscripi  imivai  n  Juh  in  hnal  K»tm  I  ’  Juiumix  . 

\HS  I  K  \C  ! 

I  he  \ustiahan  (  .uMal  \  xpcnnient  t  \t  I  >  wa**  vuviuslcvi  m  tin  v«msI.iI  wju-iv  ■.  >!  \iw  S..uH'  XX  alcv 
Vplcmhci  : ‘*S  »  u »  March  WS4  I  he  Jala  "bt.unovi  allow  a  JetanVJ  c\jmiiuh.»t:  *1  tin  J- rr.mru *■  <■!  M.  «  »i, 

I  he  M’nl  nenlal  shell  anJ  slvipe  ami  <n  pailKulat  allow  a  description  oi  .  .«astal  itapind  m.Kies  pi- •pay.atrii 

ailhin  the  e«>jv(j}  w.iu’puiJc 

I  he  Itapjvd  wave  signal  o  conl.mmialed  bv  enerj^v  fi«*ni  the  I  a  si  Xusnaoa  intent  cJJk'n  jppi  uKhme  riu 
.ontmental  slo|x  Howevei  the  Jala  do  allow  a  %  leaf  separation  •  »?  the  nisi  thtee  ->ast.<>  'cipivil  w.r- •.  Kies 
•\ei  the  lan^e  ol  Irequemies  appropriate  to  tin  wealhet  toivin^  hand  I  In .uid-  »hal  !ii\jiien.  •  'atim  «h<  i»n.,v. 
sjvcii  is  .  omputevi  and  ,m  empirical  Jispcrsu>n  telalion  determined  a-  I  m.«Jt  !  n,  miun.a-  .hxiwi  >> 
relations  tornpaie  well  with  the  theoretical  relations  hhIk  alitu:  that  a  talk'd  M.u  ti  -n  o'  i‘t«.  ..itian.  <  i  .  ..m  n 
vel«K  tJtes  or.  'he  .  ofitifientai  shelf  van  he  .u  .  •wnled  lot  hv  coaxial  trapfVif  <uw  ih.  ■ 

Wind  tor-,  me  *1  irappcJ  waves  is  also  oMtsideted  and  ev  Klein  i  presented  tb.il  t  :he  X<  I  ana  'hi  u  a., 
an  JoinmateJ  h\  the  propagate *n  ol  tree  waves  through  the  atta-.s 


I  Introduction 

Homon  i  I  -HO  |  onto  di.-wed  lh.il  the  low  1ii\|ucin  \ 
part  ol  sea-level  variations  along  the  eastern  .  oasl  ol 
Vustialin  w.iv  suhsl.intiallv  nnnisoCiatn  I  tinhctmoic 
ihe  adinsted  sea  level  time  senes  al  ddletent  sites  iad 
i ust i'J  to  lemon-  the  isosIjIh  icsjh >nsc  lo  al mosphern 
piessuie  lliiemalionsi  showed  a  definite  lendeno  to 
piopagatc  phase  norlhwauls  Rohinson  tl'tMi  sug 
geslcd  l hat  the  nomsoxtutiv  part  ol  sea-level  and  iis 
ptopagation  northvvaids  were  due  to  Ihe  existence  ol 
a  tvpc  ol  hurotropie  lopogiaplm  Rosshv  wave  Happed 
in  a  continental  shell  and  slope  waveguide  \dams  and 
Binhwald  i  1'16‘h  showed  ihat  the  wint)  stress,  i.iiher 
than  aimosphem  pressure  was  ihe  dominant  generatoi 
ol  shell  waves.  C  oil  and  Schumann  l  I d_’4l  \h  iwed  that 
ihe  pressure  amplitude  ol  each  long  shell-wave  mode 
satisfied  a  simple  loreed.  first -order  wave  equation 
(  lurke  (  I'J7')  showed  that  this  latter  result  was  appli¬ 
cable  not  onlx  to  harotropie  continental  shell  waxes 
l(  SW  s)  which  depend  onlx  on  the  topographs  but  also 
to  the  generalized  type  ol  wave  motion,  including  the 


I  he  paper  was  compiled  h\  the  hrst  author  with  contributions 
from  the  co-authors  I  he  co-julhors  are  listed  in  alphabetical  order 

*  Institute  of  (Kean  Sciences.  Sidncv  B(  VX|  4B2.  C  anada 

••  Dept  of  ( Kcanograph  Honda  State  l  ni versus,  lallahassce. 

h 

*  (  ollege  of  ( Veanoftraphs .  ( )regon  State  l  ni  versus  (  orsallis.  ( >R 
•p()  Box  24  I  mdisfarne  lasmama  701^.  \ustralia 


cticv  is  id  Mt.ilifw  ail'd',  kiunsn  .  .mnI.iI  Uappcvi 

wad's'  '(  I  Um 

ll  vsas  sh.nsn  in  Hnnk  .iiui  \llcn  \  and  Hnn^ 

ihtll  UlC  tv  M  v  A\1  111  sl-v‘f  v.k'T  VdPt’  CvjUalU'Hs  1 1 '! 

I  he  mtinite  set  <d  vxau*  nivnics  ate  x  nupled  In  iru  ti-an 
Hi  •eentlv  (  l.irke  .ind  V  .in  ( ioidei  leex.utun  xl 

the  tnetion.il  long-wuw  problem  .uni  suggested  .1  mans 
loi  i ale -ul.it mg  the  t espouse  ol  .1 . o.isi.il  . n earns  legion 
to  .1  general  wind -stress  held 

\  review  article  bv  M\suk  il'iMH  hstevl  numerous 
observations  ot  sea-level  and  longshore  eurrent  |x-i 
lurbations  which  show  apparent  pattern  propagation 
speeds  roughlx  compatible  with  the  spcerls  prednteil 
bv  (  1  W  theorx  IX'tails  aside,  it  d»x's  appear  that  cur¬ 
rent  fluctuations  do  ixcur  on  most  ot  the  continental 
shelves  ot  the  world  which  can  be  interpreted  to  be 
some  sort  of  topographic  Rossbx  wan  ClWs  have 
hern  ascribed  an  important  role  in  causing  or  sup¬ 
pressing  upv  elhne  ((  repon  and  Riehez  IdRttand  with 
widespread  effects  on  fisheries  and  w eat. ter  (O'Brien  et 
al..  Ids  1 1  Despite  their  reputed  importance,  there  has 
been  little  systematic  held  effort  to  verify  that  the  dy¬ 
namics  of  the  perturbations  are  those  appropriate  to 
forced  coastal  trapped  wave  theory  All  of  mo  prev  mus 
exper  mental  studies  of  (  IW  s  have  had  to  use  data 
collected  primarily  to  study  other  phenomena  such  as 
tides  or  upwelling.  Because  of  this  Mysak  ( ld80)  wrote 
that  "there  is  a  pressing  need  for  a  CSW  -designed  held 
experiment,  whieh  has  never  been  carried  out  in  the 
past."  It  was  specifically  to  respond  to  this  “pressing 
need"  that  the  Australian  C  oastal  Experiment,  or  ACE. 
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was  designed  jih!  earned  oul  oil  the  coast  ol  New  South 
\V.ili-\  i eastern  Australia!  between  C'tpe  Howe  anil 
'sew east le  isee  lie  I)  during  the  period  September 
1  us  t  to  Mali  h  !  °s4 

1 .1  eain  out  this  experiment  we  neeiieii  a  coast  that 
I  i  was  accessible.  2i  hail  fluctuations  m  sea  lex  el  and 
i eli s.  its  at  a  delectable  level.  a)  was  tree  ol  complicating 
and  ,  ibtusi  at  i  tie’  I  actors  sin  h  as  tronts.  large  topographic 
.fiances  ot  rapiil  changes  in  stratification.  and  4)  was 
long  enough  toi  ptopagation  to  lx'  evident  I  he  ex- 
ivnment  should  not  be  earned  out  in  a  legion  domi¬ 
nated  t'i  laid'  mean  flows,  so  that  the  evolution  ol 
waves  .an  lx  linear,  and  it  was  considered  desirable 
vial  waves  be  at  least  partullv  generated  within  the 
stud,  a'ca  With  these  limitations  and  constraints,  the 
\e  a  south  W  ales  c  >ast  seemed  tv'  be  a  reasonable  ca  ti¬ 
d'd. itc 

X  ti'i!i|uc  aspect  ot  this  evpenment  is  that  prior  to 
the  i-.sovcix  ol'  the  expei tmeni.ll  array.  a  paper  was 
puMishi'd  bv  <  laike  and  I  hompson  ( 1  '1X4 1  that  made 
s|s.vitii  predictions  about  the  behavior  of  currents  in 


III.  I  Map  ill 'southeastern  Australia  shuwing  thi- general  area  ol 
the  Xusiralian  '  uastal  Experiment,  the  principal  lamlmarks  refcmxl 
to  in  the  text,  and  a  tew  depth  contours.  I  ule  gauge  loc  ations  ate 
marked  bv  the  svmhol  ■  and  current  meter  moorings  hv  the 
svinhol  • 


the  ACT  area.  The  predictions  were  based  on  a  fric¬ 
tion  less  theory  which  we  will  summarize  here. 

The  usual  quasi-geostrophic  equations  of  motion  for 
a  stratified  Boussinesq  ocean  are  written  down  and 
separable  solutions  sought  of  the  form 


/><  v.  r.  t)  -  ^  v.  :)<!>„(  t  .  D-  ( 1 ) 

n  I 

I  he  functions  /•',,(  v.  :)  are  the  CTW  eigenfunctions, 
depend  on  the  otfshore  coordinate  (a)  and  depth  (r). 
and  are  solutions  of  an  eigenvalue  problem 

I- v,  +  /•'.-)  *  o  (2) 


with  appropriate  boundary  conditions.  In  (2)  .V  and  I 
are  the  Brunt-Vaisala  frequency  and  the  Coriolis  pa¬ 
rameter.  respectively.  The  eigenvalues  for  this  problem 
are  the  long-wave  phase  speeds  and  emerge  through 
the  boundary  conditions. 

The  functions  </)„(. r.  /)  which  describe  the  longshore 
evolution  of  the  coastal  trapped  waves  and  the  time 
variability  satisfy  a  forced  first-order  wave  equation 


I  i )(/>„  d</>„ 
c„  d/  dr 


Ii„T(y,  n 


where  <  „  are  the  eigenvalues  of  the  equation  for  /■',.( 
r).  y  is  the  longshore  coordinate,  r  is  the  longshore 
component  of  wind-stress,  and  the  numbers  Hr  are 
coupling  coefficients  between  the  wind-stress  and  the 
modal  eigenfunctions  Using  Hq.  (3)  the  longshore 
evolution  of  currents  in  a  coastal  waveguide  can  he 
described  if  the  initial  current  distribution  can  be  ex¬ 
panded  in  a  sum  using  the  eigenfunctions 

This  is  in  principle  a  straightforward  operation  It 
we  write  the  longshore  component  of  velocity  at  a  pat 
ticular  line  of  moorings  as  r(.v.  r.  r.  t)  then  we  can 
expand  velocities  as 


r(.v,  r.  r.  /)  =  3  <».(  v.  :)<:<  <  t .  .'t 

i  i 

and  derive  the  relationship  between  /  i  v.  _-i  and 
r)  as 

1  d/ 

Cm  x.  r) 

t 

For  the  ACT.  region.  Clarke  and  I  h.  mp-  • 
that  the  observations  of  llamen  •  ’ -u  • 
condition  </> „( * F  />  <L  suin'  he  tn.. -id  -. 
nearly  isostalte  at  I  den  (see  I  te  >  M  . 
the  ACT  area  would  lx-  di>mmai cd  '  . 
t.e..  that  signals  should  l.ui-clv  ’x  , .  ■  ■ 
experimental  region  b.  ■■».  a!  1 
Cl  VC  s  that  entet  tlti  ..u,i' 
contnbute  link  to 
and  I  liompM >n  ■  t 
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make  specific  predictions  about  the  behavior  of  cur¬ 
rents: 

1)  Outside  the  surface  and  bottom  Ekman  layers,  the 
low-frequency  fluctuating  wind-driven  currents  should 
be  nearly  alongshore  and  satisfy  v  =  (\/po)pJf- 

2)  The  alongshore  current  amplitude  should  de¬ 
crease  monotonically  from  the  coast.  For  1  dyn  cm  2 
longshore  wind-stress  amplitude,  typical  longshore 
current  amplitudes  at  lines  2  and  3  (see  Fig.  1 )  should 
be  10-20  cm  s"'.  Significant  longshore  current  ampli¬ 
tudes  should  be  confined  to  the  shelf  and  upper  slope. 

3)  Longshore  currents  and  adjusted  sea  levels  should 
propagate  northward  along  the  coast  at  4-5  ms  '.Up¬ 
ward  phase  propagation  should  also  be  observed. 

4)  For  the  lower  frequencies  of  the  "weather”  fre¬ 
quency  band  (2ir/few-  davs-2ir/few  weeks)  longshore 
current  and  adjusted  sea-level  amplitudes  should  in¬ 
crease  northward  from  line  1  ( y  =  0). 

5)  The  wind-driven  current  and  sea-level  fluctua¬ 
tions  should  be  small  at  the  Cape  Howe,  or  line  1. 
section.  This  prediction  results  from  an  analysis  of 
Hamon's  (1966)  data. 

In  this  paper  we  will  attempt  a  synthesis  of  the  prin¬ 
cipal  results  from  ACE  that  pertain  to  the  propagation 
of  coastal  trapped  waves.  In  doing  this  we  will  also 
draw-  on  some  results  from  more  specific  papers  by 
Church  et  al.  (1986).  Church  et  al.  (personal  com¬ 
munication.  1986)  and  Forbes  (personal  communi¬ 
cation.  1985). 


In  section  2  of  this  paper  we  will  describe  the  de¬ 
ployment  of  equipment  in  the  ACE  experimental  array, 
and  comment  on  the  data  return  and  instrument  fail¬ 
ures.  In  section  3  we  will  describe  some  elementary 
observations  of  the  general  behavior  of  the  current 
fluctuations,  and  we  will  empirically  establish  the  like¬ 
lihood  of  free  waves.  In  section  4  we  will  decompose 
the  current  fluctuations  into  three  coastal-trapped  wave 
modes  and  1  eddy  mode  at  each  of  the  three  principal 
lines  of  moorings.  The  evolution  of  the  modes  from 
one  line  to  another  will  allow  us  to  compute  empirical 
dispersion  relations  for  the  dynamical  modes.  In  the 
final  section  we  will  discuss  the  implications  of  the  pre¬ 
vious  analysis  regarding  the  predictability  of  coastal 
current  systems  and  discuss  the  possible  origins  of  the 
energy  fluxes  observed. 


2.  The  experiment 

ACE  w  as  conducted  off  the  east  coast  of  New  South 
Wales  (Figs.  I.  2)  for  a  six-month  period  between  Sep¬ 
tember  1983  and  March  1984.  The  experiment  in¬ 
cluded  an  array  of  current  meters  with  three  main  lines 
with  five  moorings  each,  repeated  CTD  and  XBT  sur¬ 
veys.  meteorological  measurements  from  moored 
buoys  and  coastal  stations,  sea  level  measurements  at 
coastal  tide  gauges,  and  bottom  pressure  measurements 
at  a  few  sites.  Several  other  types  of  data  were  also 
acquired  as  part  of  ACE  but  none  of  these  will  be  ex¬ 
plicitly  discussed  in  this  paper:  satellite  infrared  images 


Fig.  2.  A  perspective  view  of  the  instrument  array  deployed  in  the 
intensive  ACE  area  along  the  New  South  Wales  coastline. 
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for  determining  the  location  of  East  Australia  Current 
(EAC)  eddies  and  meanders;  AXBT  profiles  acquired 
by  the  Royal  Australian  Air  Force;  and  satellite-tracked 
drifter  buoys  drogued  at  200  m  that  were  seeded  into 
the  EAC  eddies  and  used  to  keep  track  of  their  move¬ 
ment  (Wells  and  Cresswell,  1985). 

a.  The  moored  array 

The  current  meter  array  consisted  of  three  lines  of 
moorings  (Figs.  1  and  2)  off  Cape  Howe  in  the  south 
(line  1),  Stanwell  Park  near  Sydney  (line  2).  and  New¬ 
castle  in  the  north  (line  3).  Two  additional  moorings 
were  deployed,  one  off  Evan's  Head  near  CofTs  Har¬ 
bour  at  29°S  (line  4)  and  one  off  Maria  Island  off  the 
east  coast  of  Tasmania  at  42°S  (line  0).  Each  of  the 
three  principal  lines  was  arranged  perpendicular  to  the 
local  coastline,  was  nominally  identical  with  each  other, 
and  consisted  of  15  Aanderaa  current  meters  on  5 
moorings  (Table  1 ).  Some  of  the  moorings  also  carried 
Applied  Microsystems  tide  gauges.  Since  we  will  want 
to  refer  to  specific  moorings  in  the  array  we  have 
adopted  a  simple  code:  a  mooring  referred  to  as  23  will 
be  on  Line  2.  and  be  the  third  mooring  out  from  the 
coast.  We  identify  individual  current  meters  by  adding 
a  slash  to  the  mooring  designation  and  appending  the 
depth  of  the  specific  current  meter,  e.g..  34/1000  is  the 
current  meter  at  1000  m  depth  on  Line  3,  fourth 
mooring  from  the  coast.  A  prefix  letter  "f"  indicates 
a  time  series  that  has  been  low-pass  filtered  (<0.6  cpd) 
to  remove  tides  and  other  high  frequency  signals,  and 
the  inclusion  of  the  letter  -‘p’'  indicates  a  bottom  pres¬ 
sure  record,  e.g..  fpl  l  is  the  low-pass  filtered  pressure 
record  from  the  bottom  of  mooring  1 1 . 

Data  from  the  current  meter  array  have  been  sum¬ 
marized  by  Freeland  et  at.  (1985).  The  current  meter 
arrays  returned  about  70%  of  total  possible  data.  Some 
moorings  were  lost  due  to  commercial  fishing  and  oth¬ 
ers  from  unexpectedly  large  currents  (a  meander  in  the 
EAC)  hitting  the  northern  line  of  moorings  late  in  the 
experiment.  These  large  currents  (with  a  maximum 
speed  of  168  cm  s  '  at  current  meter  34/450)  caused 
large  vertical  excursions  of  the  tops  of  two  moorings 
and  caused  four  steel-sphere  buoys  to  implode.  Backup 
bu.  yancy  farther  down  ensured  that  some  useful  data 


I  abi  r  I  The  depths  of  current  meters  and  total  water  depths  for 
the  nominal  arrays  deployed  on  lines  i.  2  and  3.  for  lines  0  and  4 
only  mooring  number  2  was  deployed 


Mooring 

'Valer  depth 
(ml 

Instrument  depths 
(m) 

i 

140 

75.  125 

A 

200 

75.  125,  100 

3 

500 

125.  190,  450 

4 

1200 

190.  450.  650,  1000 

5 

2000 

450.  1000.  1900 

were  recorded  from  these  moorings  even  after  the  im¬ 
plosions. 

h.  CTD  surveys 

A  total  of  602  CTD  stations  were  completed  on  six 
different  cruises,  one  each  month  from  September  1983 
through  February  1984  (data  report  in  preparation). 
Most  of  these  were  acquired  along  the  principal  moor¬ 
ing  lines  and  have  been  used  in  this  paper  to  define  the 
Brunt-Vaisala  frequency  profile  in  order  to  compute 
local  shapes  of  the  CTW  eigenfunctions  from  Eq.  (2). 
The  CTD  surveys  were  also  used  to  keep  track  of  the 
positions  of  the  EAC  eddies  which  had  been  known  to 
occur  in  this  region  (Nilsson  and  Cresswell.  1981).  The 
CTD  surveys  showed  that  eddies  occurred  very  near 
the  continental  slope  in  late  September  and  again  in 
January  and  February.  The  eddies  are  interesting  in 
their  own  right  and  will  be  described  elsewhere,  but  in 
this  paper  they  are  treated  as  an  undesirable  source  of 
noise. 

c.  Meteorological  data 

A  number  of  Metspar  meteorological  buoys  were 
deployed  to  measure  the  oceanic  wind  field,  but  for  a 
variety  of  reasons  the  buoys  did  not  report  large 
amounts  of  data.  Good  quality  wind  data  were  obtained 
from  a  number  of  shore-based  meteorological  stations 
by  the  Australian  Bureau  of  Meteorology.  Some  of 
these  stations  show  evidence  of  topographic  steering 
and  could  not  be  considered  to  represent  the  marine 
wind  field:  however,  other  stations  compared  well  with 
the  short  time-series  obtained  from  the  Metspar  buoys 
(Forbes.  1 985).  Figure  3  shows  the  time  series  of  filtered 
alongshore  wind  speed  measured  at  two  Metspar  buoys 
and  at  the  shore-based  stations  closest  to  these  stations. 
The  Metspar  time  series  are  shown  dotted  overlaying 
the  shore-based  time  series;  the  time  series  are  clearly 
well  correlated.  The  speed  series  correlate  at  ’  =0.76 
and  0.75  at  Stanwell  Park  and  Norah  Head,  respec¬ 
tively.  Similar  time  series  for  wind  stress  yield  corre¬ 
lations  of  0.67  and  0.66.  On  the  basis  of  this  compar¬ 
ison.  we  decided  to  use  data  from  seven  shore-based 
wind  slations:  Gabo  Island.  Green  Cape.  Montagu 
Island.  Wollongong  (Port  Kembla).  Norah  Head. 
Smokey  Cape  and  Coff's  Harbour  (Fig.  I ). 

d.  bottom  pressure  and  coastal  sea  level  data 

Bottom  pressure  was  measured  on  Line  I  using  Ap¬ 
plied  Microsystems  pressure  gauges  moored  on  the 
bottom  near  moorings  1 1  and  13:  both  returned  100' 3 
data  of  excellent  quality.  Another  bottom  pressure 
gauge  was  moored  at  the  bottom  of  mooring  31.  but 
the  data  from  this  gauge  may  have  been  contaminated 
by  mooring  motion.  Sea  level  data  from  coastal  tide 
gauges  at  Eden.  Jervis  Bay.  Port  Kembla.  Camp  Cove 
in  Sydney  Harbour  and  Port  Stephens  (Fig.  1 '  were 
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Fig.  3.  The  longshore  component  of  wind  speed  measured  al  two  METDATA  buoys  (dotted 
lines)  plotted  against  time  and  superimposed  on  equivalent  plots  from  nearby  coastal  wind  stations. 


obtained  from  the  Maritime  Services  Board,  Public 
Works  Department  of  New  South  Wales.  These  data 
were  adjusted  for  the  “inverted  barometer  effect"  using 
atmospheric  pressure  observations  from  nearby  me¬ 
teorological  stations.  A  data  report  on  the  total  pressure 
measurement  array  is  in  preparation. 

3.  Results 

a  The  wh  icu  i  field 

In  Fig.  4  we  show  plots  of  current  velocity  vectors 
at  two  sites  on  each  of  the  three  principal  lines  and  one 
series  from  the  Maria  Island,  line  0.  mooring.  It  is  clear 
that  there  is  some  similarity  among  longshore  current 
components  between  adjacent  lines,  particularly  at  the 
inshore  locations.  The  currents  between  adjacent  lines 
show  greatest  similarity  when  the  more  southerly  cur¬ 
rents  are  lagged  somewhat  in  time.  This  implies  north¬ 
ward  propagation  of  current  signals  as  expected. 

The  inshore  currents  shown  on  Fig.  4  clearly  show 
considerable  energy  at  periods  appropriate  to  weather 
forcing.  The  same  signals  ire  also  visible  in  the  currents 
at  sites  offshore,  but  there  is  a  distinct  bias  towards 
lower  frequencies  at  those  sites.  This  is  probably  due 
to  the  presence  of  EAC  eddies  in  the  ACE  region. 

Rather  more  startling  are  the  general  energy  levels. 
The  expectation  of  much  lower  energy  levels  at  line  1, 
compared  with  the  other  two  lines,  is  not  supported 
by  the  observations.  Also,  though  the  energy  levels  off¬ 
shore  are  lower  than  those  over  the  shelf,  the  difference 
is  not  impressive;  clearly  there  are  signals  in  these  time 
series  besides  the  CTW  activity. 

For  each  current  meter  site  the  longshore  component 
of  velocity  was  Fourier  transformed  in  25  day  blocks. 
In  Fig.  5  we  have  contoured  the  variance  along  each 
line  in  the  (  v.  r;  on-ofTshcr  ’  and  depth)  plane  for  three 
periods.  25.  1 2'h  and  6'A  uays.  In  the  magnitude  of  the 
variances,  the  three  lines  are  remarkably  similar,  except 
for  line  3  at  a  period  of  25  days.  In  that  case  line  3 
appears  to  have  very  much  more  energy  than  either  of 
the  other  two  lines.  Only  for  two  of  the  nine  plots  shown 
in  the  prediction,  number  2.  of  Clarke  and  Thompson 
(1984)  satisfied,  that  amplitudes  should  decrease 


monotonically  from  inshore  to  offshore.  Prediction  5. 
that  wind-driven  currents  be  small  at  line  1  fares  no 
better;  at  a  period  of  6'/4  days  the  distribution  of  vari¬ 
ance.  and  actual  magnitudes,  arc  extremely  similar  at 
lines  1  and  3,  and  variances  are  substantially  lower  at 
line  2.  The  most  notable  difference  between  lines  I  and 


198-3  |  1984 


Fig.  4.  C  urrent  vectors  measured  at  two  locations  on  each  of  the 
three  principal  lines  of  moorings,  one  site  shallow  and  one  site  deep 
and  one  from  the  single  mooring  off  Maria  Island  I  he  currents  have 
been  low-pass  filtered  using  a  1  anc/os  cosine  filter  having  a  half- 
power  point  xif  40  h  and  subsampled  at  1 1  h  intervals  I  he  currents 
plotted  here  are  rotated  so  that  the  principal  axis  of  variance  »s  directed 
up  and  dow  n  the  page.  Ver>  closclv  this  corresponds  to  the  longshore 
direction,  with  the  direction  NNl  up  the  page 
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t  lii.  5.  Variance  distribution  along  each  of  the  three  principal  mooring  lines 
at  three  frequencies  in  (cm  s  ')*’. 


3  at  6 '/-i  days  is  the  shift  of  the  position  of  maximum 
variance  from  close  inshore  at  line  1  to  the  shelf  edge 
at  line  3.  At  periods  of  1 2' :  days  and  23  days  the  general 
pattern  of  variance  distribution  is  very  similar  at  each 
of  the  three  lines,  magnitudes  are  similar  at  lines  1  and 
2.  but  substantially  greater  at  line  3.  Clearly,  compared 
with  the  other  two  lines,  it  is  not  at  all  obvious  that 
line  I  is  quiescent  and  it  appears  that  we  must  reject 
this  prediction  of  Clarke  and  Thompson  also. 

h  Sea-level  observations 

We  consider  the  sea  level  and  bottom  pressure  ob¬ 
servations  from  two  points  of  view  :  1 )  Are  they  con¬ 
sistent  with  Clarke  and  Thompson’s  prediction  5  and 
Hamon’s  ( 1966)  sea  level  data?  2)  Is  there  evidence  of 
northward  propagation  in  the  subsurface  pressure  (ad¬ 
justed  sea  level)  signal? 

Clarke  and  Thompson  based  their  prediction  5  (that 
wind-driven  sea  level  and  current  fluctuations  should 
be  small  at  Line  I )  on  “the  analysis  by  Hamon  (1966) 
that  sea  levels  at  Hobart  are  isostatic  and  at  Eden  very 
nearly  so"  (Clarke  and  Thompson.  1984.  p.  340).  Cor¬ 
relation  and  regression  coefficients  between  pairs  of 
ACE  sea  level  and  atmospheric  pressure  observations 
(Table  2)  are  in  substantial  agreement  with  Hamon’s 


where  both  exist,  except  that  the  ACE  regression  coef¬ 
ficients  have  much  larger  error  bars.  This  difference 
arises  because  we  estimate  the  integral  time  scale 
(Lumlev  and  Panofsky.  1964)  to  be  about  3  days  (sec 
Eig.  6).  while  Hamon  apparently  assumed  each  daily 
value  represented  an  independent  sample,  i.e..  Hamon 
overestimated  the  number  of  degrees  of  freedom  by  as 
much  as  a  factor  of  five,  and  hence  significantly 
underestimated  his  errors.  It  appears  then  that  the 
ACE  sea  level  data  are  in  substantial  agreement  with 
Hamon's.  yet  the  ACE  current  measurements  contra- 


I  abi  i  2.  Sea  level  adjustment  statistics.  Correlation  and  regression 
coefficients  between  measured  sca-level  and  local  atmospheric  pres¬ 
sure.  Irror  bars  are  95^  confidence  intervals. 


Site 

Regression 

coefficient 

(cm/mb) 

Correlation 

coefficient 

Duration 
of  data 
(days) 

f'pl  1 

1.0.1  ±  0.11 

0.74 

184'  .• 

I  den 

1  29  t  0.41 

0.70 

205 

Jervis  Bav 

o.58  *  0.51 

0.42 

141 

Port  Kembla 

0.15  *  0.81 

0.18 

1  14 

Tamp  Cove 

0  65  .  ().4S 

0.40 

204'  ■ 

fpl  1 

1.02  t  0.67 

047 

176 

Port  Stephens 

0.61  t  0.50 

0.17 

204*r 
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Fig.  6  The  autocovariance  function  C\l)  and  its  integral  /(/)  for 
the  Eden  tide  gauge  time  series.  The  raw  data  were  filtered  to  remove 
tides  and  other  high  frequency  information  and  then  subsampled  at 
0.5  day  intervals.  The  function  ./(/)  approaches  an  asymptote,  as  l 
becomes  large,  which  we  identify  as  being  close  to  a  period  of  5  days. 


diet  the  prediction  based  on  them.  How  does  this  dis¬ 
crepancy  arise? 

Consider  the  sea  level.  /;„ ,  at  a  particular  location. 
It  may  be  decomposed  into  an  isostatic  portion. 
another  signal  of  interest  (e.g..  the  CTW  signal),  /f„. 
and  noise.  «0.  i.e..  /;„  =  h,  +  ho  +  ««.  By  definition,  the 
isostatic  portion,  /;,.  is  proportional  to  the  changing 
atmospheric  pressure.  pa:  h,  =  b(,pa ,  where  hQ  =  -0.99 
cm  mb"'.  Then.  /;„  =  b(lpa  +  li0  +  <„■  For  the  coastal 
tide  gauge  stations.  h„  was  measured  directly,  for  the 
bottom  pressure  gauges  it  was  estimated  as  (ph  -  pa)- 
The  linear  correlation  (r2)  and  regression  (h)  coefficients 
(Table  1)  were  calculated  between  //„  and  p„  using  the 
simple  regression  model.  h„  =  a  +  bpu  +  t Note  that 
the  noise  <,  in  this  regression  equation  implicitly  in¬ 
cludes  any  signals,  ho.  which  are  either  out  of  phase  or 
incoherent  with  the  atmospheric  pressure.  To  interpret 
results  from  this  regression  model,  we  must  consider 
both  the  correlation  and  regression  coefficients.  If  r2  is 
near  1,  then  «,  is  small  and  hn  is  small,  i.e..  there  are 
no  other  interesting  signals  that  are  out  of  phase  with 
the  pressure;  if  r 2  is  near  1.  and  h  =  -  I.  we  can  infer 
that  CTW  signals  in  the  sea  level  must  be  small  (but 
note  that  higher  mode  CTWs,  which  have  little  surface 
expression,  may  still  be  present).  This  seems  to  be  the 
case  at  Hobart,  where  Hamon  found  r:  to  be  0.87  and 
h  to  be  - 1 .07  ±0.1 1 ;  even  treating  these  error  bars  as 
overly  optimistic,  we  would  conclude  that  at  Hobart 
r 2  =  1  and  h  =  —1,  i.e..  that  the  shelf-wave  signal  must 
be  weak  or  absent  at  Hobart.  This  result  is  also  sup¬ 
ported  by  the  ACE  current  observations:  current  fluc¬ 
tuations  off  Maria  Island  (Fig.  1 ).  near  Hobart,  are  rel¬ 
atively  small  compared  to  those  farther  north  (Fig.  4). 

If  the  correlation  coefficient  r 1  of  the  regression 
model  is  significantly  smaller  than  one  (but  still  greater 
than  zero),  then  t|  is  not  small  and  probably  includes 
some  interesting  signals.  which  may  be  either  in¬ 
coherent  with  the  atmospheric  pressure  or  simply  out 
of  phase  with  it.  If  r2  <  1  and  h  =  -  I .  then  we  have  a 
local  isostatic  response  in  the  presence  of  other  inter¬ 
esting  signals,  such  as  CTWs.  This  appears  to  be  the 
case  at  Eden,  where  Hamon  found  r 1  ~  0.26  and  h 
0.71  ±  0.23  in  lr>57.  and  r2  =  0.56  and  />  =  -0.87 


±  0.20  in  1960;  ACE  results  show  r2  =  0.49  and 
b  =  —1.29  ±  0.43  at  the  coastal  tide  gauge,  and  r2 
6  =  0.56  and  b  =  —  1 .03  ±  0.3 1  at  mooring  1 1 .  Correct- 

4  ing  for  the  over-optimism  in  Hamon's  error  bars. 
4  y  we  clearly  cannot  reject  the  hypothesis  that  r2  <  1  and 
b  =  —  1  at  Eden.  Thus,  Clarke  and  Thompson  (1984) 
should  not  have  ruled  out  the  possibility  of  CTW  signals 
at  Eden. 

An  important  part  of  Hamon's  observations  dealt 
with  the  apparent  propagation  of  phase  of  the  adjusted 
sea  level  northwards  along  the  east  Australian  coast. 
Using  the  ACE  adjusted  sea  level  (/?  =  /;„  -  //,)  or  sub¬ 
surface  pressure  data  to  compute  lagged  cross-corre¬ 
lation  functions,  we  found  that  observations  at  more 
northerly  stations  typically  lag  those  at  southerly  ones. 
A  contour  plot  (Fig.  7)  of  the  lagged  correlations  of 
each  station  against  Eden  shows  a  distinct  tendency 
for  phase  to  propagate  northwards.  A  linear  regression 
of  the  time  lag  at  the  maximum  of  each  cross-corre¬ 
lation  function  (small  squares  in  Fig.  7)  against  long¬ 
shore  displacement  indicates  a  "best  fit"  phase  speed 
of  3.34  ms"1,  which  is  slightly  lower  than  that  of  Clarke 
and  Thompson.  We  conclude  then  that  we  probably 
do  have  CTW-like  signals  propagating  through  the  ACE 
area  that  warrant  more  detailed  analysis. 

c.  The  wind  field 

Wind  measurements  with  good  exposure  were  avail¬ 
able  at  seven  sites:  Gabo  Island.  Green  Cape.  Montagu 
Island.  Wollongong.  Norah  Head.  Smokey  Cape  and 
CofF s  Harbour,  listed  from  south  to  north.  The  largest 
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F K».  7.  Contours  of  equal  correlation  plotted  in  a  plane  of  time 
lag.  in  days,  and  distance  north  of  Cape  Howe.  All  time  series  are 
correlated  against  I  den  as  the  reference  site.  The  square  symbols 
indicate  the  positions  for  specific  displacements  of  the  local  maxima 
in  the  cross-correlation  functions.  1  he  dotted  line  is  a  least-squares 
fit  through  those  points  indicating  the  probable  northward  pattern 
propagation  rate  of  3.34  ms 
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separation  between  any  adjacent  pair  of  these  sites  was 
only  250  km  (between  Norah  Head  and  Smokey  Cape). 
Figure  8  shows  a  plot  of  wind  stress  vectors  for  the 
ACE  experimental  period  from  three  locations  in  the 
ACE  area.  Two  important  properties  of  the  wind  field 
are  apparent  from  this  figure.  First,  the  variance  in  the 
wind  stress  field  decays  rapidly  with  distance  north 
from  Cape  Howe.  Second,  the  variability  in  wind 
stresses  measured  at  widely  separated  positions  is  very- 
similar.  Coherence  calculations  indicate  that  though 
the  amplitudes  of  fluctuations  do  decay  northwards 
the  shape  remains  remarkably  invariant.  They  also  in¬ 
dicate  that  the  phase  of  the  longshore  wind  stress  field 
propagates  northwards  nondispersively.  Specifically  in 
the  range  of  periods  3  to  20  days  the  phase  difference 
between  Montagu  Island  and  Smokey  Cape  is  0.69  days 
(±0. 1 5)  and  coherence  is  well  above  the  95‘'<  confidence 
interval.  The  longshore  separation  of  these  two  stations 
is  about  680  km  implying  a  northward  phase  speed  of 
11.4ms  Between  Montagu  Island  and  Norah  Head 
the  phase  difference  is  0.38  days  (+0.02)  implying  (for 
v  =  350  km)  a  phase  speed  of  10.7  ms1.  These  values 
for  the  wind  stress  phase  speed  are  very  close  to  the 
value  of  11.5  m  s"1  used  by  Claike  and  Thompson 
( 1 984)  in  their  model  of  the  response  of  the  ACE  area. 

We  conclude,  therefore,  that  the  wind  systems  are 
propagating  phase  northwards  much  more  rapidly  than 
oceanographic  signals.  The  wind  stress  phase  speed, 
about  1 1  m  s  '.  is  well  separated  from  the  speed  at 
which  sea-level  signals  are  propagating,  about  3.5  m 
s  '.  The  properties  of  the  ACE  wind  field  will  be  dis¬ 
cussed  at  greater  length  by  Forbes  (personal  commu¬ 
nication.  1985). 


°5'  Norah  Head 


f  'Hi.  N  Wind  stress  vectors  at  three  coastal  stations  extending  Iron) 
(iubo  Island,  near  line  I  to  Norah  Mead  near  line  V  1  he  vectors  are 
rotated  so  that  the  principal  axis  is  up  and  down  the  diagram  I  he 
direction  of  the  principal  a  vis  is  \er\  nearlv  in  the  longshore  direction 


d.  A  transfer  function  calculation 

Contrary  to  our  expectations  shelf  wave  activity  ts 
large  at  the  southern  end  of  the  experiment.  This  is 
consistent  with  the  present  observations  of  sea-level 
and  also  with  Hamon’s  observations.  The  implication 
is  that  large  amplitude  CTWs  are  entering  the  southern 
end  of  the  experimental  region  and  may  be  propagating 
through  the  entire  array.  Presumably  the  CTWs  ex¬ 
perience  some  modification  as  they  pass  through  the 
array,  however,  we  now  have  to  consider  the  possibility 
that  the  free  waves  may  dominate,  whereas  it  was  orig¬ 
inally  expected  that  the  forced  waves  would  dominate. 
Based  on  the  expectation  that  the  forced  waves  would 
dominate,  predictions  3  and  4  of  Clarke  and  Thompson 
(1984)  were  made.  The  expected  phase  speed  of  4-5 
m  s  1  is  based  on  a  particular  distribution  of  amplitude 
among  the  dominant  modes  that  need  not  occur  if  the 
dominant  waves  are  not  forced  locally.  The  expectation 
of  upward  phase  propagation  at  the  more  northerly 
lines  is  similarly  the  result  of  analyzing  the  pure  forced 
problem,  as  is  the  prediction  that  amplitudes  should 
increase  northwards.  In  the  total  absence  of  forcing 
one  would  expect  a  slow  decline  in  amplitude  due  to 
dissipation  by  bottom  friction  or  scattering  into  other 
wave  modes. 

Having  found  that  the  forced  shelf  wave  seems  to 
be  less  important  than  expected,  it  is  appropriate  to  try 
to  quantify  the  relative  importance  of  free  propagation 
and  forcing.  Let  us  represent  the  longshore  component 
of  current  at  the  northern  site  then  as 

\  u 

I  „(M  =  ^  u,l  \U  -  /AM  t  X  /\ r(/  /A/)  (6) 

l  0  /O 

where  I  „  and  I  ,  represent  time  series  of  alongshore 
component  of  current  at  the  northern  and  southern 
sites  respectively,  the  symbol  represents  an  estimate. 
t(M  is  the  wind  stress  observed  at  an  intermediate  lo¬ 
cation.  A/  is  the  sampling  interval  ( 1 2  hours  in  all  results 
to  be  quoted  here)  and  a.  and  h,  are  weights  to  be  de¬ 
termined.  We  then  constrain  the  system  (6)  to  find  tile 
combination  of  weights  a  and  />,  that  represent  l  „  in 
the  best  (least-square  sense)  way.  Various  models  can 
be  tried  by  varying  the  lengths  of  the  filters,  i.e  .  varying 
V  and  M  above,  or  bv  arbitrarily  setting  one  set  of 
weights  identically  equal  to  zero  and  so  trying  a  lit 
using  only  the  it,  or  only  the  />,  type  of  weights.  1  he 
method  of  solution  is  simple  in  principle,  but  not  so 
in  practice.  By  way  of  illustration  let  us  consider  the 
simple  case  of />,  0  for  all  /.  t  the  extension  including 

the  /',  will  be  obvious) 

formally  the  problem  reduces  to  the  standard  least- 
squares  problem  of  minimizing  /  where 

\ 

f  a,\\U  /AM]’  I'M 


/.  (!.,{/) 


/  I  i 
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and  the  overbar  indicates  an  average  over  time.  The 
solution  can  be  expressed  in  matrix  form: 

x  =  Cy  (8) 

where  the  vector  x  =  {  v,  |  and  y  =  \  y,  \  and  the  elements 
are  of  the  form  v,  =  1  I \ ( r  -  /At)  and  r,  =  a,.  The 
matrix  C  is  a  symmetric,  positive  definite  matrix  with 
elements  C„  =  !',(/  -  /Ar)  E  .(/  -  /At).  Formally  we  ex¬ 
press  the  solution  of  this  problem  as  y  =  C  ‘x.  How¬ 
ever.  the  matrix  C  generally  has  a  large  condition 
number  (ratio  of  largest  to  smallest  eigenvalue)  and  so 
the  inverse  can  be  unstable.  We  proceed,  therefore,  to 
solve  the  problem  by  singular  value  decomposition 
(described  in  detail  in  appendix  A). 

Now  let  us  consider  some  specific  examples  of  this 
kind  of  transfer-function  calculation.  In  the  following 
we  will  look  at  the  transformation  of  longshore  current 
components  from  lines  1  to  2  by  representing  I  „{t)  and 
I ',( / )  in  Eq.  (6)  by  f 2 1/125  and  fl  1/125.  respectively. 

Mode!  /.  Pure  current  transformation:  A'  -  5.  h, 
=  0  for  all  /.  C  is  a  6  X  6  matrix  and  the  solution  is 
stable  at  y4  (see  Appendix):  the  best  tit  of  I  ,  on  !  „ 
accounts  for  45.5"<  of  the  variance  in  I i.e..  the  "pre¬ 
dicted"  currents  correlate  with  l'„  at  r  =  0.67.  The 
weight  distribution  shows  a  clear  maximum  indicating 
that  I  „  lags  behind  1  A  parabolic  fit  around  the 
maximum  suggests  a  best  estimate  of  the  lag  of  about 

1  day. 

Model  3  Pure  current  transformation:  A  12.  />, 
=  0  for  all  i.  C  is  a  1 3  X  13  matrix  and  the  last  stable 
solution  is  y,0:  the  best  fit  of  T,  on  !„  accounts  for 
5 1  "i  of  the  variance,  with  a  correlation  coefficient  of 
0.7.  The  list  of  weights  extends  to  greater  lags  than  for 
model  1  and  indicates  two  peaks  at  lags  of  1.03  and 
3.5  days.  This  suggests  that  two  signals  propagate  from 
line  I  to  line  2  at  speeds  of  3.9  and  1 .2  m  s  '.  However, 
it  is  interesting  to  note  that  increasing  the  length  of  the 
transfer  function  from  six  weights  to  1 3  weights  results 
in  increasing  the  amount  of  variance  accounted  for  in 
the  model  by  only  a  few  percent.  In  that  sense  model 

2  seems  rather  inefficient. 

Model  3  Current  transformation  and  winds:  .V 
=  M  ~  5.  This  is  essentially  mode!  1  modified  to  include 
winds.  The  winds  are  renormalized  so  that  they  have 
the  same  variance  as  the  current  time  series  and  so  that 
the  u,  and  h,  all  remain  dimensionless.  C  is  a  12  x  12 
matrix  and  the  last  stable  solution  is  y7.  For  this  model 
winds  at  Montagu  Island  were  used  for  several  reasons: 
the  site  is  roughly  half-way  between  lines  I  and  2:  if  is 
the  best  exposed  of  all  our  wind  stations  and  is  likely 
to  be  a  good  representation  of  the  marine  wind  field; 
the  instrumentation  used  to  record  winds  was  of  a  rel¬ 
atively  high  quality  .  The  distribution  of  weights  pro¬ 
duced  surprising  results,  the  values  of  a,  were  almost 
exactly  the  same  as  in  model  I  and  accounted  for  45.4'V 
of  the  output  variance:  the  h,  coefficients  accounted 
for  only  another  4.8";  of  the  output  variance.  The  total 


variance  accounted  for  is,  of  course,  larger  than  that 
in  model  1  because  we  have  increased  the  information 
content  of  the  fit.  but  the  increase  is  not  dramatic.  We 
now  account  for  5 1 .2%  of  the  variance  in  I  '„(/),  a  larger 
amount  than  in  models  I  or  2.  For  this  model  the  best 
fit  to  I  „(()  correlates  with  !  '„(/)  al  r  =  0.70. 

The  significant  result  from  fhese  calculations  is  the 
clear  indication  that  the  CTW  signal  appears  to  prop¬ 
agate  from  line  1  to  2  w'ith  little  modification  by  the 
winds.  The  addition  of  winds  barely  increases  our  abil¬ 
ity  to  forecast  the  modification  of  currents  from  one 
line  to  another.  Using  variance  accounted  for  as  a 
measure,  we  are  almost  10  times  as  successful  at  fore¬ 
casting  the  output  currents  using  input  currents  com¬ 
pared  with  using  winds.  We  repeated  the  calculations 
for  model  3  using  different  wind  stations  to  find  which 
wind  station  performed  best,  in  the  sense  of  accounting 
for  as  much  of  the  total  output  variance  as  possible. 
The  best  result  was  obtained  from  Wollongong  (the 
point  on  shore  closest  to  line  2)  which  accounted  for 
8.6‘S  of  the  output  variance  while  the  a,  terms  ac¬ 
counted  for  40.1";.  Wollongong  Head  would  not  be 
the  site  of  preference  for  describing  the  transformation 
of  currents  from  line  1  to  line  2  since  it  lies  very  close 
to  line  2;  an  intermediate  site  like  Montagu  Island 
would  be  preferred.  We  conclude  then  that  winds  are 
not  of  great  importance  in  describing  the  modification 
of  (he  currents  from  one  site  lo  another  and  we  should 
pursue  the  analy  sis  of  the  currents  into  free  shelf-wav  e 
modes. 

4.  A  modal  description  of  the  velocity  field 

a.  The  mode  shapes 

Figure  9  shows  a  plot  of  the  shapes  of  the  first  three 
CTW  eigenfunctions  computed  separately  for  the 
longshore  component  of  velocity  at  each  of  the  three 
principal  lines  of  moorings.  The  eigenfunctions  are  the 
solutions  6„(  v.  r)of  Eq.  (5).  computed  simultaneously 
with  the  eigenvalues  e„  which  correspond  to  the  phase 
speed  of  each  wave.  In  the  long-wave  limit  the  wav  es 
are  nondispersive  and  so  phase  and  group  velocities 
3re  identical.  The  wave  speeds  are  also  entered  on  Fig. 
9.  The  values  of  .Y:(r)  used  in  Eq.  (2)  to  compute  the 
modes  displayed  in  the  figure  were  calculated  from 
CTD  casts  along  each  line  of  moorings  averaged  over 
the  entire  duration  of  ACE.  i.e..  the  detailed  distribu¬ 
tion  of  A:(r)  varies  from  one  line  to  another.  The  bot¬ 
tom  topography  also  varies.  These  differences  do  not 
appear  to  have  a  large  effect  on  the  structure  of  the 
eigenfunctions  but  do  cause  significant  variation  in  the 
wave  speeds.  (Variation  about  the  mean  is  about  20' ; . 
1 3%  and  12'7  for  modes  I.  2  and  3.  respectively  .) 

In  all  nine  cases  shown  in  Fig.  9  the  largest  modal 
amplitude  occurs  close  inshore  and  both  modes  2  and 
3  have  nodal  lines  not  far  from  the  shelf  edge.  Quali¬ 
tatively  the  modal  shapes  are  very  similar  from  one 
line  to  another,  (liven  these  simple  observations  it  is 
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Line  1  Line  2  Line  3 

Kic.  9.  I  he  first  three  theoretical  CTW  mode  shapes  at  each  of  the  J  principal  lines  of  moorings 
and  the  phase  speeds  associated  with  each  mode.  The  small  dots  represent  the  actual  sites  where 
current  meter  data  were  acquired  on  each  of  the  prineipal  lines.  The  contours  are  not  labeled 
since  the  inodes  can  be  renormalized  without  affecting  the  least-squares  computation  ot  modal 
amplitudes 


difficult  to  sec  how  arts  plausible  superposition  of  these 
modes  could  yield  the  variance  distributions  shown  in 
Fig.  5  which  show  the  largest  amplitudes  typically  at 
the  shelf  edge  and  in  some  cases  seaward  of  the  shelf 
edge.  The  conclusion  to  be  drawn  is  that  we  are  seeing 
contamination  of  the  shelf-wave  signal  by  the  presence 
of  energy  from  the  FAC  and  its  eddy  field.  Satellite 
photographs  verified  that  large  eddies  shed  from  the 
current  were  indeed  passing  through  the  \CF  region 
during  parts  of  the  experiment.  Given  the  obv  it>us  mis¬ 
match  between  the  distribution  of  variance  in  the  ex¬ 
perimental  array  and  the  shape  of  the  eigenfunctions 
it  is  important  to  examine  ways  in  which  the  wave  field 
might  be  decontaminated  from  the  eddy  held. 

I  wo  methods  suggest  themselves.  I  he  first  is  to 
identify  periods  at  each  line  that  are  obviouslv  con¬ 
taminated  by  eddy  activity  and  excise  those  pans  from 
the  overall  record.  T  his  approach  suffers  from  a  number 
ol  problems.  It  is  often  not  clear  w  hen  a  current  meter 
record  is  influenced  by  an  FAC  eddy;  the  excising  of 
parts  of  the  data  base  will  inevitably  remove  part  of 
the  CTW  signature  itself;  and  the  excising  operation 
will  inevitably  involve  some  rather  subjective  iudg- 
ments.  A  more  objective  approach,  that  removes  the 
eddy  activity  while  leaving  the  individual  time  senes 
otherwise  intact  would  he  preferred.  I  his  turns  out  to 
be  possible  by  defining  a  fourth  mode,  which  wc  called 


an  eddv  mode,  that  described  the  shape  of  the  eddv 
field. 

Fxamination  of  detailed  FAC  events,  those  that  were 
unambiguously  associated  with  eddies  because  of  the 
presence  of  corroborating  evidence,  clearly  showed  that 
these  large  current  events  were  largely  restricted  to  the 
continental  slope  region.  In  contrast,  the  CTW  modes 
(Fig.  d)  all  have  their  largest  signals  on  the  continental 
shelf.  Since  current  meters  fm?/IO(K)  on  each  line 
Im  I.  2.  3)  contain  predominantly  eddy  signals,  we 
assumed  that  in  any  particulai  line  the  signal  at  any 
current  meter  that  is  correlated  with  the  currents  at 
fm5/T000  is  the  eddy  part  of  the  total  signal  at  that 
site  and  so  could  be  removed.  I  et  us  w  rite  the  longshore 
component  of  velocity  at  I'm?/ 100(1  as  !'.(/).  i.c..  the 
"eddy"  component  of  velocity  at  that  site.  I  hen  along 
the  line  m  find  the  value  of  </t  v.  r)  that  minimizes  a 
mean-square  error  C  where 

/•  [  I  ( \ .  r.  i)  </ 1  ,  (rl) 

and  the  overbar  indicates  a  time  average  The  values 
ol  <;(  v.  r)  define  then  the  shape  of  an  eddy  mode.  I  igure 
10  shows  a  plot  of  the  eddy  mode  computed  along  line 
V  This  was  chosen  as  the  best  line  to  define  an  eddy 
mode  since  we  had  good  reason  to  believe  that  the 
eddy  field  was  most  intense  there,  and  only  at  line  3 
do  we  have  a  substantial  quantity  of  data  available  at 
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Fit!.  10.  The  'eddv  mode"  defined  as  ihe  regression  coefficient  at 
each  current  meter  site  along  line  3  with  05/1000.  This  mode  was 
used  in  the  subsequent  data  reduction  to  absorb  signals  due  to  the 
E  AC'  odds  field 


even  site  along  the  line.  At  both  lines  I  and  2.  data 
are  missing  for  almost  the  entire  deployment  period  at 
one  mooring  site  each. 

The  mode  shown  in  Fig.  10  is  quite  different  from 
the  coastal  trapped  wave  modes  shown  in  Fig.  9.  In 
the  former  the  most  intense  velocities  occur  seaward 
of  the  shelf  edge,  as  one  might  intuitively  expect  from 
an  oceanic  eddy  moving  towards  the  shore.  In  contrast, 
at  the  sites  t'31/75  and  H 1/1 25  the  modal  amplitudes 
are  extremely  small,  and  this  justifies  the  use  of  the 
inshore  moorings  for  exploration  for  longshore  phase 
propagation.  It  thus  seems  reasonable  to  use  the  mode 
shown  in  I  ig.  10  to  absorb  some  ol  the  eddy  energy 
and  so  optimize  our  chances  of  extracting  amplitudes 
of  the  (  1 W  modes. 

)'  the  iHudui 

For  each  mooring  line  we  will  expand  the  observa¬ 
tions  into  three  wave  modes  and  one  eddy  mode.  l  et 
I  it)  he  the  longshore  component  of  velocity  at  site 
(current  meter)  number  /  We  break  the  time  series 
l  (/)  into  seven  time  blocks  of  24  days  and  compute 
the  I  mirier  transform  of  the  time  senes  (breach  block. 
Fins  yields,  at  each  site  and  for  each  time  block,  a 
series  of  complex  numbers  I  '.(w)  where  w  is  27r  divided 
by  /.  the  period  of  the  Fourier  component  being  ex¬ 
amined.  For  each  frequency  we  define  a  complex  re¬ 
sidual  where: 

/  I  ,  <i|h|,  a  ( i  ■  ■  ■  uj i 


and  minimize  E  where 

A' 

E=  I  EjEf. 

i=  i 

In  the  above,  m  =  4  is  the  total  number  of  modes  being 
examined  and  Mis  the  number  of  observations  V: .  The 
values  G,j  are  the  values  of  the  /th  velocity  mode  at 
instrument  number  j,  and  d,  is  the  complex  amplitude 
of  the  /th  mode.  Throughout  this  section  any  complex 
number  will  be  indicated  by  use  of  the  caret  symbol, 
and  its  complex  conjugate  will  be  denoted  by  an  as¬ 
terisk.  The  solution  for  the  complex  amplitudes  is  given 
by  the  solution  of  the  complex  matrix  equation: 

I  Ci St  " 

|'7_ 
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which  we  write  in  the  vector  form  b  -  Ca  As  before, 
the  inverse  of  the  real  symmetric  matrix  C  exists,  how¬ 
ever.  the  matrix  C  is  badly  conditioned  and  we  chose 
to  extract  the  solution  by  singular  value  decomposition, 
see  appendices  A  and  B.  In  the  following  analysis  we 
will  use  a  single  set  of  the  CTW  eigenfunctions  com¬ 
puted  for  the  Stanwell  Park  line  of  moorings,  line  2. 
and  will  use  the  first  three  of  the  dynamical  modes.  In 
addition  wc  will  use  the  eddy  mode  as  defined  above 
at  line  3  but  only  after  renormalization  so  that  its  sum 
of  squares  does  not  dominate  over  the  dynamical 
modes.  A  single  set  of  modes  is  used  here  since  we 
want,  as  a  first  approach  at  least,  to  examine  the  sim¬ 
plest  problem  of  the  evolution  of  the  amplitude  of  a 
simple  set  of  wave  modes  in  the  alongshore  direction. 
Wc  chose  line  2  to  define  the  dynamical  modes  because 
it  is  the  intermediate  site.  We  chose  line  3  to  define  the 
eddy  mode  because  we  expected  it  to  have  the  largest 
amplitude  there  and.  furthermore,  only  at  line  3  do 
long  time  sene,  exist  at  all  current  meter  sites  so  al¬ 
lowing  the  mode  to  be  defined  at  all  cross-shelf  loca¬ 
tions. 

c  The  dispersion  relation 

From  the  four  time  series  determined  independently 
at  each  of  the  three  lines  we  can  examine  one  mode  at 
a  time  and  look  at  the  coherence  and  phase  between 
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any  pair  of  lines.  With  three  lines  to  analyze  we  find 
four  different  alongshore  displacements,  specifically 
these  are  Ay  =  0  km  (for  lines  1-1.  2-2  and  3-3)  Ay 
=  160  km  (for  lines  2-3)  Ar  =  360  km  (for  lines  1-2) 
and  Ar  =  520  km  (for  lines  1-3).  The  phase  differences 
are  not  all  independent,  since  propagation  from  line  1 
to  2  and  from  2  to  3  implies  propagation  from  1  to  3 
provided  that  the  coherences  are  large.  Accepting  all 
of  the  positive  longshore  displacements  therefore  in¬ 
troduces  some  degree  of  redundancy  among  the  various 
phase  differences.  In  order  to  form  an  unbiased  estimate 
of  longshore  propagation  rate  we  decided  to  include 
all  of  the  redundancy  in  the  system  and  include  esti¬ 
mates  of  the  phase  differences  for  negative  displace¬ 
ments.  A  simple  pattern  then  occurs  since  a  phase  dif¬ 
ference  of  AW  between  lines  /  toy  implies  -AW  between 
lines  i  to  i. 

Figure  1 1  shows  the  phase  differences  observed  plot¬ 
ted  against  displacement  alongshore  for  three  frequen¬ 
cies  and  for  the  three  dynamical  modes.  The  points 
entered  with  negative  displacements  are  shown  with 
open  symbols  as  these  are  wholly  redundant.  For  the 
fourth  (eddy)  mode  few  significant  coherences  were 
observed,  however,  when  phases  were  picked  off  for 
the  fourth  mode  regardless  of  the  coherence  level  a 
random  scattering  of  phases  was  observed  with  no  ob- 
xious  sense  of  organization.  At  a  period  of  8  days  a 
tight  sequence  of  phase  differences  emerges  for  all  pos¬ 
sible  combinations  of  lines  for  mode  1.  The  phase  dif¬ 
ferences  suggest  a  northward  propagation  speed  of 


around  5ms1;  the  entered  value  of  4.35  m  s  1  is 
derived  from  the  principal  axis  of  the  phase  differences 
against  displacement.  In  all  other  cases,  phase  speeds 
indicated  on  Fig.  1 1  are  derived  from  a  principal  axis 
calculation.  Also  at  8  days,  we  see  that  modes  2  and  3 
show  a  definite  tendency  for  northward  phase  propa¬ 
gation  though  the  scatter  of  points  about  the  fitted  line 
is  large  for  mode  2.  The  fits  do  indicate  that  mode  2 
propagates  slower  than  mode  1  and  that  mode  3  prop¬ 
agates  slower  than  mode  2.  A  striking  result  of  this 
analysis  is  that  though  the  speeds  for  a  given  mode  will 
be  seen  to  vary  quite  sharply  with  frequency  in  no  case 
do  we  find  that  the  phase  speed  for  mode  3  exceeds 
that  for  mode  2  nor  that  for  mode  2  exceeds  the  phase 
speed  for  mode  1 . 

At  a  6  day  period  (Fig.  1  lb)  the  fastest  mode,  mode 
1 .  shows  a  large  scatter  of  phase  observations  about 
the  fitted  line,  mode  2  shows  a  tight  collection  of  points 
and  mode  3  a  wide  scatter.  The  phase  speeds  indicated 
for  modes  2  and  3  are  very  dose  and.  given  the  wide 
scatter  in  the  distribution  of  points  for  the  mode  3  plot, 
the  difference  in  phase  speed  is  not  significant.  That 
we  still  observe  (\  >  ( must  be  considered  fortuitous. 

For  mode  I  at  a  period  of  4  days  (Fig.  1  la)  we  see 
that  though  coherence  was  large  enough  to  estimate 
phase  differences  between  lines  1  and  2  and  between 
lines  1  and  3.  it  was  too  low  between  lines  2  and  3.  the 
closest  pair  of  lines!  The  coherences  corresponding  to 
the  other  phase  estimates  for  mode  I  are  relatively  low 
but  do  suggest  that  a  propagating  signal  exists  despite 


Displacement  (km  .100)  b  Displacement  (km  *  100)  C  Displacement  (km  « 100) 


I  it.  II  Phase  difference  nl  complex  amplitudes  for  the  three  dynamical  modes  at  tiirec  different  frequencies  plotted  against  displacement 
alongshore  W  here  an  expected  entry  js  missing,  the  coherence  was  too  low  to  proxtde  a  stable  phase  estimate,  t  he  open  sxmhols  represent 
points  that  are  wholly  redundant  the  solid  symbols  earn  some  degree  of  redundancy  since  for  large  coherences  wave  propagation  from 
line  I  to  2  and  Irom  line  2  to  ^  implies  propagation  from  I  to  V  l  or  small  coherence  s allies  Hus  is  not  true  and  all  points  with  positne 
displacements  become  independent.  I  he  solid  lines  indicate  the  phase  speed  estimated  hx  the  maim  axis  of  the  principal  ellipse  through  the 
entered  points 
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the  scatter  among  the  phases.  There  is  rather  less  scatter 
in  the  phase  differences  for  mode  2.  Once  again  mode 
2  is  slightly,  but  not  significantly,  slower  than  the 
observed  speed  for  mode  1  and  the  ordering  with 
C  j  >  (\  must  be  considered  fortuitous. 

The  phase  observations  are  all.  of  course,  cyclic  over 
360°,  or  in  Fig.  1  la.  cyclic  over  a  time  delay  of  4  days 
and.  thus,  each  phase  estimate  has  an  inherent  ambi¬ 
guity  of  (in  the  case  of  Fig.  1  la)  4  days.  The  particular 
choice  of  points  shown  in  Fig.  1 1  a  was  adopted  for  two 
reasons.  First,  we  do  have  physical  reasons  for  expecting 
northward  phase  propagation,  and  second,  any  other 
reasonable  alternative  produces  a  very  wide  scatter  of 
phase  differences,  almost  circular,  that  barely  allows  a 
preferred  sense  of  propagation  to  be  estimated.  How¬ 
ever.  for  this  particular  case  there  is  clearly  some  sub¬ 
jectivity  in  the  interpretation  of  the  phase  diagram. 
The  problem  of  subjectivity  gets  worse  at  shorter  pe¬ 
riods  and  so  we  decided  that  phase  diagrams  for  periods 
less  than  4  days  should  not  be  used.  The  subjectivity 
problem  arose  on  only  two  occasions  for  results  that 
will  be  quoted  here,  in  both  cases  for  mode  3,  at  periods 
of  4  and  4.8  day  s. 

Table  3  show  a  list  of  the  observed  phase  speeds 
(ms  ’)  for  each  of  the  three  dynamical  modes.  Also 
listed  are  the  estimated  wavenumbers  computed  as  k. 
r  u'/C,  where  k,  and  ( are  the  estimated  wavenumber 
and  phase  speed  for  mode  i.  From  this  table  we  can 
produce  the  dispersion  diagrams  shown  in  bigs.  12a. 
b  and  c.  On  Fig.  I  2  we  enter  for  each  mode  separately 
the  estimated  wavenumber  plotted  against  the  fre¬ 
quency  of  the  spectral  line  under  examination.  I  he 
error  bars  shown  for  each  point  entered  represent  the 
frequency  bandwidth.  The  frequencies  examined  are 
low  enough  that  the  long  wave  approximation  is  good: 
at  a  period  of  4  days  tut//  r  --  0.04.  <  >n  each  of  the 
plots  in  I  ig.  I  2  the  solid  line  is  the  expected  dispersion 
relation  based  on  the  long-wave  approximation  foi 
coastal  trapped  waves  Spec  lically.  a  mean  theoretical 
phase  speed  has  been  estimated  for  the  entire  \C  I  array 
using  the  phase  speeds  listed  on  Fig  4  and  loi  any 
individual  mode  computing  the  harmonic  mean: 

I  SHI  1  *  I’ll. isc  speeds  eMim.it:  ■!  -H  discrete  penods  Inr  e.ish  at 
th:  three  ss.isc  modes,  and  die  assiM.ued  vsaseminilvr  estimates 
the  phase  speeds  sseie  estimated  Irotn  111:  dinvtMii  ol  the  Ilian" 
avis  et  tin  prm,  ip.il  ellipse  ol  the  various  phase  .litlereiices  plotted 
attains!  displacement. 
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The  dashed  lines  show  the  average  dispersion  relation 
defined  by  the  empirical  observations.  The  shaded  area 
on  the  right  hand  side  of  each  plot  designates  an  area 
where  the  length  of  the  array  exceeds  the  wavelength 
of  any  fitted  wave.  This  is  effectively  (but  not  quite)  a 
Nyquist  wavelength  for  the  array  and  we  cannot  reliably 
estimate  any  wavenumbers  in  that  region.  In  fact,  as 
was  discussed  earlier,  some  degree  of  subjectivity  arises 
before  we  enter  that  region  and  the  tw  o  points  at  periods 
of  4  and  4.8  days  for  mode  3  (Fig.  1 2c)  should  be  in¬ 
terpreted  with  some  caution. 

Figure  12a  shows  a  plot  of  frequency  versus  wave- 
number  for  mode  1  at  six  frequencies.  All  but  one  of 
the  points  lie  above  the  theoretical  long-wave  speed  of 
3.78  m  s  an  increase  in  the  theoretical  wave  speed 
of  I  m  s  1  would  produce  a  good  lit.  However,  with 
the  exception  of  one  point,  at  a  period  of  4.8  days,  the 
experimental  dispersion  relation  is  approximately  lin¬ 
ear  as  is  expected  theoretically  . 

Figure  12b  shows  the  dispersion  characteristics  for 
mode  2  at  the  same  six  frequencies  as  in  Fig.  1 2a.  and 
with  the  exception  of  a  single  outlier,  the  empirical 
dispersion  relation  is  once  again  a  good  approximation 
of  a  straight  line.  Also,  as  in  Fig.  12a.  the  experimental 
dispersion  points  are  at  systematically  higher  phase- 
speeds  than  theory  predicts  with  only  one  point  below 
the  theoretical  curve.  An  increase  of  only  0.5  m  s  1  in 
the  theoretical  speed  would  produce  good  agreement. 

Figure  12c  shows  the  same  plot  for  mode  3.  Once 
again  the  experimental  data  show  a  bias  towards  wave 
speeds  higher  than  theory  predicts.  An  increase  of  0.5 
m  s  '  would,  as  in  Fig.  12b.  produce  good  agreement. 
The  scatter  about  linearity  appears  to  be  rather  greater 
for  mode  3  than  for  the  first  two  modes,  but  that  is 
probably  not  an  unexpected  result.  Indeed,  in  hindsight 
it  seems  quite  remarkable  that  we  have  been  able  to 
make  a  reasonably  convincing  fit  to  three  wave  modes. 

Figure  1 3  displays  the  variance  in  each  mode  plotted 
against  frequency  for  each  of  the  three  principal  lines 
of  current  meters.  We  define  the  variance  of  mode  i  as 
n-  where  </,  is  the  complex  amplitude  derived 

from  I  q.  (9).  I  he  variance  is  averaged  over  time  and 
defined  separately  at  each  line.  Since  each  mode,  the 
three  dynamical  modes  and  the  empirical  eddy  mode, 
is  normalized  differently,  only  limited  comparisons 
between  modes  can  he  made  on  this  plot  On  Fig.  13 
we  see  that  the  spectra  of  each  mode  are  generally  red. 
i.c..  there  is  generally  more  energy  at  lower  frequencies 
than  higher.  (Note  that  these  plots  are  linear  in  fre¬ 
quency  and  energy  and  so  are  variance  conserving 
plots  )  However,  at  line  I  wc  see  that  the  spectra  peak 
at  a  period  of  8  days  for  each  of  the  three  dynamical 
modes.  The  fourth  mode  for  each  line  shows  the  most 
pronounced  red  spectra.  Rather  surprisingly  it  appears 
that  the  second  line  carries  less  variance,  in  the  dv  nam- 
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ical  modes.  than  does  line  I.  whereas  lines  1  and  3  are 
very  similar  in  their  energy  levels.  Since  some  moorings 
on  line  3  were  damaged  by  eddies  it  should  come  as 
no  surprise  to  see.  in  Fig.  13.  that  the  energs  lesels  in 
mode  4  are  very  much  greater  at  line  3  than  at  either 
of  the  other  two  lines. 

In  summary.  Fig.  12  indicates  that  the  dispersion 
characteristics  computed  from  the  ACF.  moored  arras 
are  a  reasonable  approximation  to  the  theoretical  dis¬ 
persion  curses  for  the  first  three  coastal  trapped  wave 
modes.  In  each  case  the  theoretically  predicted  wase 
speed  is  systematically  less  than  the  experimentally  de¬ 
termined  ssase  speeds  by  0.5  to  I  m  s  or  about  25'. 
of  the  theoretical  wase  speeds.  These  results  suggest 
that  after  the  extraneous  edd>  signal  is  removed  from 
the  data  the  physics  of  coastal  trapped  waves  is  a  good 
descriptor  of  the  motions  on  the  continental  shelf. 
Howev  er,  some  of  the  coherences  used  in  constructing 
the  phase  plots  of  Fig.  1  1.  are  fairly  loss  ,  indicating  that 
a  simple  model  of  linear  phase  propagation  at  a  con¬ 
stant  speed  max  not  necessarily  account  for  a  large 
fraction  of  the  total  variance  at  any  (requeues .  Fur¬ 
thermore.  Fig.  1  1  also  shows  a  substantial  amount  of 
scatter  of  the  time  lags  about  the  linear  phase  propa¬ 
gation  speed  indicating  that  still  more  variance  is  not 
accounted  for  b\  a  simple  coastal  trapped  wave  model 
In  order  to  explore  to  what  extent  the  theory  ot  trapped 
waves  can  account  for  the  variability  observed  at  anv 
one  location  a  ddierent  approach  is  needed. 
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d.  Analysis  in  the  time  domain 

The  expansion  of  current  observations  into  modal 
amplitudes  as  described  in  an  earlier  section  can  be 
executed  at  individual  times,  rather  than  for  Fourier 
coefficients,  producing  explicit  time  series  of  ampli¬ 
tudes  for  each  mode.  For  the  three  dynamical  modes 
the  evolution  alongshore  can  then  be  compared  with 
the  predictions  of  forced  CTW  theory.  The  methods 
used  are  described  by  Clarke  and  Van  Gorder  ( 1986). 
Since  a  detailed  description  of  the  specific  procedures 
used  and  the  results  obtained  will  be  described  else¬ 
where  (J.  A.  Church.  1986).  wc  will  restrict  ourselves 
here  to  an  overview  of  some  of  the  results  pertinent  to 
a  synthesis  of  the  Australian  Coastal  Experiment. 

We  represent  pressure  as  a  sum  of  modes  as  in  Eq. 
(I)  where  the  functions  :)  are  solutions  of  an 
eigenvalue  problem.  Eq.  (2).  The  amplitudes  of  the 
modes  are  described  b>  a  set  of  forced  wave  equations 
that  are  coupled  by  frictional  coefficients 

I  <9</>,  difl,  ‘ 

- i- - t/„e<; ;  w.t'iv.  i)  ♦  2.  u, ,<,v  (id) 

l)  (it  (h  '  , 

As  before  the  longshore  velocities  arc  expanded  in  a 
series  [Eq.  (4))  with  on-offshore  modes  related  to  the 
eigenfunctions  of  Eq.  (2)  by  the  geostrophic  relation. 
Eq.  (5).  These  equations  then  can  be  used  (J.  A.  Church. 
1985)  to  expand  the  velocities  observed  at  line  I  in  the 
3  local  dynamical  and  one  local  eddy  mode  so  pro¬ 
ducing  the  amplitudes  4>\ .  <t>:  and  tin  at  one  value  of 
the  alongshore  coordinate  r.  say.  at  v  0  Equation 
( 10)  then  can  be  used  to  forecast  the  values  of  i />, .  </>? 
and  <(>\  at  the  two  northerly  lines  and  compare  the  pre¬ 
dictions  with  observations. 

The  eddy  mode  cannot,  of  course,  be  described  b> 
Eq.  ( 101.  so  in  making  a  comparison  between  the  pre¬ 
dictions  from  theory  and  observations  it  is  important 
to  compare  only  the  inherently  predictable  parts  ofthc 
current  field.  From  the  observed  currents  at  any  par¬ 
ticular  line  we  define  two  new  fields  that  differ  slightly 
from  each  other.  After  analysis  into  the  four  modes  we 
detine  the  reconstructed  currents  (I  «)  as  the  sum  of 
the  first  three  (dynamical)  modes,  i.e..  the  C  l  W'  part 
of  the  signal  The  de-eddied  currents  I  ,/are  defined  as 
the  observed  currents  minus  the  eddy  signal.  Specifi¬ 
cally.  at  any  line  we  compute  <!>,  by  minimizing  K  where 
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These  time  series  are  not  identical.  Both  attempt  in 


some  sense  to  represent  the  dynamical  signal  but  I  'd 
includes  the  velocity  signal  that  is  not  fitted  by  the 
least-squares  procedure.  Over  line  I  the  gross  correla¬ 
tion  coefficient  between  I  and  I  „  is  about  0.9.  This 
represents  how  well  the  least-squares  procedure  is 
working.  Since  the  decomposition  is  good  only  to  a 
correlation  level  of  about  0.9  we  cannot  expect  a  fore¬ 
cast  to  do  as  well. 

Table  4  summarizes  the  results  of  using  the  modal 
amplitudes  that  result  from  an  analysis  of  line  I  and 
Eq.  (10)  to  forecast  the  modal  amplitudes  at  line  2. 
The  "observed  variances"  are  of  the  reconstructed  cur¬ 
rents  at  line  2  (i.e..  the  CTW  part  of  the  current  field  I 
and  the  “predicted  variances"  result  from  the  modal 
amplitudes  forecast  by  Eq.  (10).  The  energy  lev  els  have 
been  predicted  accurately:  the  predicted  and  observed 
variances  averaged  over  line  2  are  36.7  and  41.6  cm: 
s  2.  respectively.  These  are  much  closer  to  each  other 
than  to  the  equivalent  figure  for  line  I.  90.7  cm' s  ’. 

T  he  correlation  coefficients  listed  in  Table  4  indicate 
that  comparison  between  predicted  and  observed  cur¬ 
rent  fields  is  significant  at  high  confidence  levels.  At 
the  inshore  sites  the  correlations  are  significantly  dif¬ 
ferent  from  zero  at  the  99.99'7  confidence  level.  (As 
before  we  assume  1  degree  of  freedom  is  accumulated 
every  5  days.)  A  stronger  null  hypothesis  would  be  the 
equivalent  of  the  meteorological  persistence  forecast, 
i.e..  that  conditions  do  not  change  along  the  shelf  Using 
the  reconstructed  velocities,  defined  earlier,  the  cor¬ 
relation  coefficient  between  fl  1/75  and  f21/75  is  0.25'. 
the  equivalent  correlation  in  Table  4  is  0.62.  very  much 
higher.  Furthermore,  a  system  with  population  corre¬ 
lation  of  0.25  and  36  degrees  of  freedom  has  an  upper 
95'7  confidence  level  of  0.48.  less  than  the  0.62  ob¬ 
served  which  differs  from  the  population  at  the  99  K'. 
level. 
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Earlier  in  this  paper  we  examined  a  general  rela¬ 
tionship  between  currents  separated  by  distance  along¬ 
shore  and  extracted  empirical  relationships  of  the  form 
x  1/ 

I \,</)  =  Z  "  /A/)  +  Z  h,T(l  -  /A/). 

i=i  /i 

The  best  model  yielded  an  estimate  !„  that  correlated 
with  1  „  at  the  level  r  =  0.7 1 . 

The  linear  predictor  (6)  is  essentially  the  optimal 
linear  predictor  and  yields  an  estimate  I  „  that  correlates 
with  I  „  at  r  =  0.7 1 :  it  does  do  better  than  the  dynamical 
model  but  not  very  much  better.  The  optimal  predictor 
must,  by  definition,  perform  better  than  any  other  lin¬ 
ear  predictor  including  a  linear  dynamical  theory  but 
it  is  satisfying  that  the  dynamical  models  do  almost  as 
well.  Finally  we  note  that  the  dynamical  correlation 
for  inshore  currents  of  0.62  carries  9 5r<  bounds  of  0.45 
and  0.77.  and  so  is  not  ditferent  from  the  optimal  linear 
estimator  at  the  95rl  confidence  level. 

5.  Discussion 

In  the  free  wave  analysis  we  have  demonstrated  that 
waves  pass  through  the  experimental  array  and  exhibit 
dispersion  characteristics  that  are  strongly  indicative 
of  coastal  trapped  waves.  One  of  the  more  significant 
observ  ations  from  this  section  is  that  the  empirical  dis¬ 
persion  relation  suggests  that  the  waves  propagate 
rather  faster  than  theory  would  lead  us  to  expect.  The 
discrepancy  is  too  large,  and  of  the  wrong  sign,  to  be 
accounted  for  by  mean  field  adveetion.  We  suggest  that 
it  might  be  accounted  for  by  contamination  of  the  free 
wave  by  the  presence  of  a  relatively  small  forced  wave 

Clarke  and  Thompson  ( 1984)  looked  at  a  pure  forced 
wave  problem  and  found  the  ocean  response  to  wind 
forcing,  for  only  one  mode,  to  be  of  the  form 

/’( v.  v.  i )  =  1/ ,(  v.  r)  cos  '  (/  1  w/oM  w/ 

x  sin[< /  u;/< ,  )t/2).  (II) 

In  Eq.  (11)  /  'Tv.  r)  is  the  shape  of  the  first  C  l  W  mode 
(pressure  field),  c,  is  the  longshore  phase  speed  and  / 
is  the  longshore  wavenumber  of  the  wind  forcing.  Thus 
patterns  propagate  along  the  coast  at  a  speed  de¬ 
li  ned  by 

(JL 

tpj"  Il/Twa-,) 

I  pan  '  '<G,  'l<l'l.  (12) 

the  pattern  speed  is  the  harmonic  mean  of  the  free 
wave  speed  and  the  speed  of  propagation  of  wind  sys 
terns  in  the  longshore  direction.  Since  in  our  case  <„ 
and  <  i  are  both  northwards,  at  I  1  and  3.78  m  s  '.  re¬ 
spectively.  the  pattern  speed  is  greater  than,  but  in  the 
same  direction  as,  the  free  wave  speed. 


The  forced  wave  pattern  speed  computed  from  (12) 
is  5.63  m  s  1  and  is  greater  than  the  free  wave  speed 
and  greater  than  the  observed  pattern  speed,  see  Fig. 
(12a).  Furthermore,  we  know  from  the  analysis  of  sec¬ 
tion  (3d)  that  we  are  dealing  with  neither  forced  nor 
free  waves.  In  that  section  we  estimated  the  ratio  of 
velocity  variance  in  the  forced  wave/variance  in  the 
free  wave  to  be  about  0.1.  This  implies  a  ratio  of  signal 
amplitudes  of  about  V().  1  =  0.3.  Thus  it  seems  reason¬ 
able  to  expect  that  the  resulting  pattern  speed  will  be 
intermediate  between  the  free  and  forced  wave  speeds, 
as  actually  observed. 

However,  detailed  analysis  shows  a  strong  depen¬ 
dence  on  the  phase  relationship  between  the  free  and 
forced  wave  components.  The  actual  pattern  speed 
predicted  for  ACE  can  even  be  less  than  the  free  wave 
speed  depending  on  the  initial  phase  difference  at  line 
1.  A  simple  relationship  that  conforms  fairly  well  to 
observations  can  result  if  the  initial  phase  difference  is 
near  zero.  Some  evidence  exists,  see  later  discussion, 
that  a  significant  part  of  the  free  wave  energy  is  gen¬ 
erated  in  Bas5  Strait,  so  it  may  be  reasonable  to  expect 
the  free  and  forced  waves  to  be  almost  in  phase  at  Eden 

The  analy  sis  of  the  forced  waves  in  the  time  domain 
indicates  quite  clearly  that  we  do  have  predictive  skill 
in  the  sense  that  we  can  use  the  dynamics  of  forced 
topographic  waves  to  forecast  future  conditions  some 
distance  along  the  coastline.  However,  the  amount  ot 
variance  accounted  for  in  the  forecast  is  not  impressive 
I  he  correlation  coetfii"  nts  inshore  reach  highs  of  0.62 
indicating  that  we  can  account  for  only  about  40'  .  ol 
the  observed  variance  with  a  trapped  wave  model 
though  this  does  not  sound  impressive,  the  best  sta¬ 
tistical  predictor  between  line  I  and  line  2  inshore  cur¬ 
rents.  performs  onlv  marginally  better  and  accounts 
for  about  50’.  of  the  variance  VXe  conclude  .hat  .■< 
all  of  the  energy  in  the  weather  forcing  b  \,u  is  described 
by  coastal  trapped  waves 

We  now  turn  to  the  question  4  the  source  of  the 
CTW  energy  observed  in  A(  I  (  iurkc  and  I  hompson 
(  1984)  assumed  there  would  be  negligible  (  I  \\  energy 
at  (  ape  Howe  (line  I  i  and  t  ut  wind  forcing  in  the 
region  northward  from  there  tould  generate  (  I  \\  s  to 
be  observed  at  lines  2  and  3  vs  has  been  pointed  out. 
CIW  energy  is  already  large  at  line  1  and  the  C  l  W 
energy  at  line  2  is  largely  th  propagation  of  (  I  Us 
northward  from  (  ape  Howe  i  s  free  waves  I  he  expec¬ 
tation  of  Clarke  and  l  homp.,on  (1084)  and  the  as¬ 
sumption  ir,  designing  ACT  being  wrong,  we  are  forced 
to  consider  possinle  sources  of  the  ( ‘  1  W  energy  at  Cape 
Howe.  The  bathymetry  and  meteorological  conditions 
olf  southern  and  southeastern  Australia  allow  for  sev¬ 
eral  (speculative)  possibilities  for  generating  CTWs  that 
are  observable  at  (  ape  Howe. 

One.  of  course,  is  that  the  CTWs  have  come  a  verv 
long  way.  The  winds  m  the  (treat  Australian  Bight  are 
strong  and  the  existence  of  CTWs  there  has  been  dis¬ 
cussed  by  Krause  and  Radok  (1976)  The  possibility 
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that  CTWs  could  be  generated  in  the  Great  Australian 
Bight,  travel  in  the  continental-margin  waveguide  that 
bends  south,  and  then  north,  around  Tasmania,  exists. 
(This  would  assume  the  shallow  (<100  m)  but  wide 
aperture  caused  by  Bass  Strait  would  not  affect  the  long 
CTWs  and  that  the  wave  energy  is  not  dissipated  in 
that  distance.)  However,  this  possibility  is  not  sup¬ 
ported  by  the  current  meter  observations.  Although 
there  is  significant  coherence  (at  the  95%  confidence 
level)  between  the  alongshore  component  of  the  current 
off  Maria  Island  (f02/125)  and  off  Cape  Howe  (fl  1/ 
125),  the  phase  difference  is  negligible.  Furthermore, 
the  variance  in  the  coherent  band  is  nearly  an  order 
of  magnitude  less  off  Maria  Island  than  off  Cape  Howe. 
Currents  off  Maria  Island  and  Cape  Howe  show  some 
coherence  with  the  Gabo  Island  wind.  All  this  suggests 
that  forcing  of  CTWs  by  winds  off  southeastern  Aus¬ 
tralia  is  more  plausible  than  propagation  around  Tas¬ 
mania  from  the  Great  Australian  Bight.  We  can  pursue 
this  possibility  by  estimating  the  energy  flux  at  line  1 
and  comparing  it  w  ith  the  rate  of  working  by  the  Gabo 
Island  wind  stress. 

Let  us  first  estimate  the  CTW  flux  at  Cape  Howe. 
The  analysis  of  Clarke  and  Battisti  (1983)  shows  that 
the  energy  flux  through  a  vertical  plane  perpendicular 
to  the  coast  is 
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d  v 
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By  an  analysis  along  the  lines  of  Gill  and  Clarke  ( 1 974), 
it  is  possible  to  work  out  an  analytic  solution  for  the 
wind  forced  motion  and  hence  estimate  an  energy  flux 
of 

7  =  3.0  X  108  W. 

Reducing  this  by  8%  to  allow  for  friction  and  a  further 
14%  because  Bass  Strait  is  not  infinitely  wide,  we  can 
estimate 

J  =  2.4  X  108  W. 

This  is  greater  than  the  energy  found  at  Cape  Howe 
and.  in  view  of  the  high  coherence  and  the  small  phase 
lead  of  the  winds  at  Gabo  Island  with  respect  to  the 
currents  at  Cape  Howe,  it  seems  that  wind  forcing  over 
Bass  Strait  is  a  possible  source  of  the  energy  at  Cape 
Howe. 

Could  the  wind  stress  over  the  ocean  east  of  Bass 
Strait  be  sufficient  to  generate  CTWs  of  the  magnitude 
observed'’  Results  to  be  presented  later  (J.  A.  Church 
et  al..  personal  communication)  indicate  that  a  sub¬ 
stantial  flux  of  energy  is  possible.  Solving  the  CTW 
equation  ( 1 )  for  the  1 50  km  of  shelf  between  the  eastern 
end  of  Bass  Strait  and  Cape  Howe,  assuming  coupling 
coefficients  appropriate  for  Cape  Howe,  and  assuming 
that  <p,(i)  =  0.  for  all  /  and  /.  150  km  to  the  west,  the 
resulting  flux  at  Cape  Howe  would  be 

7  =  3.4  X  107  W 


where  the  overbar  indicates  a  time  average.  L’sing  the 
orthogonality  property  of  the  eigenfunctions: 


this  becomes 


l  sing  the  modal  amplitudes  calculated  for  Cape  Howe 
m  section  4d.  we  get 

J  --  1.8  a  10s  W. 

The  three  dynamical  modes  used  respectively  contrib¬ 
ute  30.5%,  49%  and  20.5';'  to  this  total. 

We  can  estimate  the  energy  generated  by  the  wind 
between  the  western  end  of  Bass  Strait  and  Cape  Howe 
bv  follow  ing  the  argument  of  Gill  and  Clarke  (1974): 
Bass  Strait  has  an  average  depth  of  about  60  m  and  is 
about  250  knt  w  ide,  The  barotropic  radius  of  defor¬ 
mation  is  small  ( \gh)/  f  260  km),  so  the  Strait  is 
about  one  Rossby  radius  wide.  For  a  Kelvin  wave  the 
fraction  of  the  total  wave  energy  between  the  coastline 
and  1  Rossby  radius  is  ( 1  -  e  :)  0.86.  As  a  first 

approximation,  let  us  assume  that  Bass  Strait  is  410 
km  long,  infinitely  wide  and  of  constant  depth  (60  m). 
and  that  no  energy  enters  the  western  end  of  Bass  Strait. 


with  the  three  dynamical  modes  contributing,  respec¬ 
tively.  46%.  46%  and  8%  to  this  total.  This  flux  is  about 
one-fifth  of  the  measured  flux  at  Cape  Howe  but  the 
correlation  between  the  “predicted"  and  observed  cur¬ 
rent  at  the  inshore  sites  is  surprisingly  high:  it  is  0.68 
at  meter  fl  1/125.  The  correlations  drop  away  very 
quickly  as  we  move  offshore  (the  predicted  currents 
are  much  less  than  the  measured  currents)  but  in  view 
of  the  simplistic  approach  taken  and  the  short  fetch 
( 1 50  km.  compared  to  the  4 10  km  fetch  in  the  previous 
estimate),  this  model  does  surprisingly  well. 

In  view  of  these  calculations,  there  would  seem  to 
be  sufficient  sources  of  energy  to  the  south  and  west 
of  Cape  Howe  to  explain  the  observed  CTW  energy 
flux  ofl  Cape  Howe. 

Acknowledgnu’nis.  The  participation  of  R  L.  Smith 
and  A.  Huvcr  in  ACL  was  supported  by  the  1  J.S.  Office 
of  Naval  Research,  and  that  of  A.  J.  Clarke  by  the 
National  Science  Foundation  Grant  OCF-8300029. 

The  participants  from  North  America.  A.  J.  Clarke. 
H.  J.  Freeland.  A.  Huyer  and  R.  L.  Smith  would  like 
to  thank  the  C.S.I.R.O.  for  their  hospitality  during  the 
data  analysis  phase  of  the  experiment.  Finally,  we 
would  like  to  thank  Dr.  Phyllis  Stabeno  for  helpful 
discussions  and  comments  on  this  paper  and  Netta 
Delacreta/  for  her  patience  while  typing  the  many 
drafts. 


L 


1247 


JOURNAL  OF  PHYSICAL  OCEANOGRAPHY 


Volume  16 


APPENDIX  A 

Singular  Value  Decomposition 

In  several  places  in  this  paper  it  was  necessary  to 
solve  a  least-squares  problem,  equation  (7),  for  ex¬ 
ample.  Formally,  least-squares  problems  always  reduce 
to  the  problem  of  finding  a  vector  y  when  a  vector  x 
and  a  covariance  matrix  C  are  known,  and  when  x,  C 
and  y  are  related  by 

x  =  Cy.  (Al) 

In  the  transfer  function  calculations  of  section  (3d  Ithe 
vector  x  =  J.v,1  is  of  the  form  v,  =  l '„(/)[',(/  -  /A/), 
and  y  =  {  v,|  where  r,  =  a,.  The  covariance  matrix 
C  =  J  <  *„  J  is  of  the  form  C'„  =  (’,(/  -  /'A/)L,(/  -  /At). 
Formally  we  write  the  solution  y  to  problem  (Al)  as 
y  =  C  'x.  However,  for  the  problems  of  interest  in  this 
paper  C  generally  has  a  large  condition  number  (ratio 
of  largest  to  smallest  eigenvalue)  and  so  the  inverse  can 
be  unstable.  In  such  a  case  the  solution  y  varies  greatly 
w  ith  small  variations  in  the  data.  We  proceed,  therefore, 
to  solve  the  problem  by  singular  value  decomposition. 

l.et  the  V  eigenvalues  and  eigenvectors  of  the  A' 
x  A  matrix  C  be  A,  and  e,.  respectively.  Since  C  is  a 
covariance  matrix  (i.e..  sy  mmetric  and  having  elements 
satisfying  the  Schwartz  inequality  (  ,:./(C )i  %  I)  the 
eigenvalues  are  all  real  and  positive.  If  A, ,  eigenvalues 
are  exactly  zero  then  the  rank  of  C  is  A  A0.  In  prac¬ 
tice,  since  we  are  dealing  with  noisy  data,  any  eigen¬ 
value  that  lies  within  the  sampling  noise  level  is  effec¬ 
tively  zero.  / 

L  et  us  expffnd  the  vectors  x  and  y  in  terms  of  the 
eigenvectors,  viz. 

V  \ 

x  =  2  <*^1  and  y  =  3  Ae,.  (A2) 

,i  ,i 

The  coefficients  o,  are  easily  determined  using  the  or¬ 
thogonality  property  of  the  eigenvectors 

A 

x-e,  =  2  «,e,  •  e,  =  <*,.  (A3) 

/  1 

We  can  then  determine  the  coefficients  d,  in  terms  of 
the  of,  expansion  (A2)  in  Eiq.  (Al)  and  remembering 
that  Ce,  =  \,e,: 

V  \ 

x  =  2  «,e,  =  Cy  =  C  V  d,e, 

•  ~  I  t  \ 

A  A 

=  2  A(Ce,)  =  2  A\e(. 

Hi  I  I 

Hence,  we  find  in  general  that  A  =  n,/A,  and.  using 
(A3)  and  (A2).  express  the  general  solution  to  (Al)  as. 


Assuming  that  the  eigenvalues  are  ordered  so  that  A, 
>  A2  >  •  •  •  >  A.v  let  us  write  an  approximate  solution 
y*  for  y  as 


where  R  is  an  assumed  rank  of  C,  R  «  N.  Specifically 
R  is  chosen  so  that  any  eigenvalues  that  lie  within  the 
noise  level  are  neglected. 

APPENDIX  B 

Estimation  of  Modal  Amplitudes 

The  amplitudes  d  of  the  three  dynamical  and  one 
empirical  modes  discussed  in  section  (4b)  are  found 
by  the  solution  of  a  complex  matrix  equation  (9).  The 
solution  is  found,  as  in  appendix  A.  by  singular  value 
decomposition  of  the  cov  ariance  matrix  C.  A  compli¬ 
cation.  however,  is  that  the  matrix  C  varies  from  one 
line  to  another  due  to  data  loss  from  various  instru¬ 
ments  at  different  times.  Hence,  even  on  one  line  the 
contributions  to  C  vary  with  time.  The  variations  in 
C  are.  however,  relatively  small. 

The  modal  covariance  matrix  for  the  nominal  dis¬ 
tribution  of  current  meters  is 

'  0.273  -0.294  -0.138  0.4021 

-0.294  0.470  0.318  -0.261 

U  -0.138  0.318  0.404  0.055  ' 

_  0.402  -0.261  0.055  1.000_ 

The  eigenvalues  of  C  are  (1.353.  0.707.  0.069  and 
0.017)  and  these  eigenvalues  contribute,  respectively. 
(63%,  33%.  3.2%  and  0.8%)  to  the  trace  of  C.  As  the 
matrix  C  changes  slightly,  with  instrument  failure,  etc., 
the  eigenvalues  take  other  discrete  values  near  each  of 
the  values  listed  for  the  nominal  array.  Since  the  matrix 
C  is  varied  by  fairly  small  amounts,  i.e..  the  sampling 
array  is  not  changed  dramatically,  instead  of  finding 
four  eigenvalues  distributed  as  above,  we  find  four 
groups  of  eigenvalues  centered  near  63%,  33%,  etc.  We 
will  call  these  groups  tvpe-a.  b,  c  and  type-d  eigenvalues 
respectively.  The  covariance  matrix  C  changes  by  suf¬ 
ficiently  small  amounts  that  the  smallest  a-tvpe  eigen¬ 
value  is  never  smaller  than  the  largest  b-type.  and  so 
on;  i.e..  the  four  groups  are  all  well  separated  and  do 
not  overlap. 

The  variance  averaged  over  all  current  meters  de¬ 
ployed  thrc  ughout  the  ACE  array  is  208  enr  s':.  The 
resolution  of  an  Aanderaa  current  meter  is  about  1.5 
cm  s  ',  and  if  we  use  this  value  as  an  estimate  of  the 
noise  level  in  our  current  meter  array  we  find  the  ratio 
100%  X  (noise  level):/mean  variance  to  be  about  1% . 
So  with  this  primitive  argument  we  see  that  the  smallest 
eigenvalue  of  the  covariance  matrix  is  too  small;  it  lies 
below  the  effective  noise  level  of  the  system,  and  should 
be  neglected.  Specifically  then,  we  will  compute  the 
vector  a  by  singular  value  decomposition  [see  appendix 
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A)  and  reject  contributions  from  any  eigenvalue  that  of  the  normalized  residual  variance  (A<t2/<j02)  and  the 
constitutes  less  than  some  critical  percentage  of  the  model  variance  (<Tm2/Vmo2)  where  n^,2  =  am2  at  V  Fig- 
trace  of  the  matrix  C.  Hence,  from  Eq.  (9)  we  can  find  ure  14  shows  a  plot  of  the  normalized  reduced  variance 
the  set  of  four  modal  amplitudes,  complex  numbers  and  the  model  variance  as  a  function  of  the  eigenvalue 
denoting  amplitude  and  phase,  for  each  block  of  time  cutoff  X0.  Along  the  abscissa  short  lines  indicate  where 
at  one  line  of  moorings  and  then  repeat  the  expansion  actual  eigenvalues  of  the  slowly  varying  matrix  C  occur, 
at  each  of  the  other  two  lines  of  moorings.  Thus  we  These  are,  as  discussed  earlier,  separated  into  four  dis- 
find  four  short  time  series  of  modal  amplitudes  (using  tinct  groups.  Figure  14  shows  that  if  the  cutoff  is  set 
24  day  long  blocks  we  get  seven  distinct  observations  at.  say.  8%  so  that  contributions  from  the  a-type  and 
of  the  modal  amplitudes  during  the  ACE  period)]  at  b-type  eigenvalues  are  accepted,  and  none  from  the  c- 
each  line,  and  we  can  examine  the  coherences  between  and  d-type,  then  the  best  fit  modal  amplitudes  account 
each  line  for  each  mode  and  search  for  phase  propa-  for  all  but  26%  of  the  total  variance.  If  we  set  the  cutoff 
gation.  at  1.5%.  so  that  we  include  contributions  from  a-. 

First,  consider  the  modal  separation  for  the  3  main  b-  and  all  c-lype  eigenvalues,  then  the  model  fit  is 
lines  at  a  period  of  12  days,  the  second  harmonic  of  improved,  but  only  marginally,  accounting  for  only 
the  block  length  of  24  days.  The  value  /.'  -  2]  is  another  2%  of  the  observed  variance.  Meanwhile  the 
the  so-called  reduced  variance  (In2)  the  amount  of  variance  in  the  best  fit  modal  amplitudes  increases  by 
variance  not  accounted  for  by  the  best  modal  fit.  Let  about  10%.  If  we  now  set  the  cutoff  at  any  value  less 
us  compute  this  as  a  fraction  of  the  signal  variance  <j„2  than  0.5%.  so  that  all  eigenv  alues  are  used,  all  but  the 
=  X  I ; 1  *  ■  and  average  An2  and  <r„:  over  the  seven  last  19%  of  the  observ  ed  variance  is  accounted  for.  This 
time  blocks  and  the  three  lines.  We  also  define  the  is  not  a  dramatic  improvement,  and  is  achieved  at  the 
model  v  ariance  n,„:  =  2  d,d* .  and  average  that  also  cost  of  increasing  the  variance  in  the  modal  amplitudes 
over  the  seven  time  blocks  and  three  lines.  Let  us  as-  by  about  a  factor  of  6.  This  rapid  increase  in  the  vari- 
sume  that  in  the  process  of  computing  the  complex  ance  in  the  model  represents  a  type  of  instability  as 
modal  amplitudes  d,  we  accept  contributions  from  the  discussed  in  appendix  A.  Between  cutofT  values  of  2% 
covariance  matrix  C  corresponding  to  all  eigenvalues  and  2.2%  there  is  a  substantial  drop  in  the  average 
exceeding  a  cutoff  value  X(),  and  examine  the  v  ariation  model  variance  and  an  associated  sharp  rise  in  the  re- 


Eigenvalue  cut-off  as  percent  of  trace 


f  Ui.  14.  Response  ol  the  least -squares  lit  model  to  the  inelusion  of  various  eigenvalues  in  a  singular  value  decomposition. 
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sidual  variance,  marked  on  Fig.  14  by  the  doited  line. 
This  sharp  change  occurs  as  a  result  of  the  loss  from 
the  array  of  one  instrument  on  line  2  and  affects  only 
one  time  block.  Seen  individually  ii  represents  a  rather 
severe  instability  though  the  averaging  involved  in  Fig. 
14  tends  to  disguise  its  severity. 

Based  on  the  rough  guide  outlined  above,  using  the 
noise  level  of  the  instruments,  we  look  then  to  place 
our  eigenvalue  cutoff' near  the  boundary  between  the 
d-  and  e-type  eigenvalues.  Ihe  detailed  behavior  of  the 
model  variance  and  the  residual  variance  plots  suggests 
that  the  appropriate  cutoff  value  is  2.2u  and  that  value 
was  used  in  the  subsequent  analysis. 
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Deep-Sea  Currents  off  Northern  California 

PlIYI  1  IS  J.  Si  A  RENO  AND  ROBKR  I  L.  SMITH 

College  of  Oceanography.  Oregon  Stole  Unirersity.  Coreallis 

Current  meter  records  from  14  moorings  in  the  deep-sea  basin  (JtXX)  4500  m  deep!  south  of  the 
Mendocino  Fracture  Zone  arc  analyzed.  AH  moorings  had  current  meters  be  tween  200  m  and  500  rn 
.those  the  bottom,  and  some  extended  to  within  150  m  of  the  surface.  There  were  high  vertical  corre¬ 
lations  between  measurements  cm  the  same  mooring  within  1500  m  of  the  bottom  and  within  X00  m  of 
the  surface  but  almost  no  significant  correlation  in  the  horizontal  In  the  basin  the  presence  of  eddies 
appears  strongest  at  depths  below  I2(X)  m  Several  of  the  records  exceed  5  years  in  length,  and  one 
extended  for  5  years  Spectral  analysts  of  these  shows  that  most  of  the  kinetic  energy  below  XXXI  m  is  in 
the  temporal  mesoscale  (periods  of  51  to  120  days!,  while  the  spectral  estimates  in  the  upper  ItXXI  m  are 
dominated  by  longer  time  scales.  Only  in  the  deep  records  is  there  a  significant  southward  mean  How 
Neither  a  mean  California  Current  nor  a  poleward  undercurrent  is  apparent  in  the  shallower  data  (above 
1250  ml.  The  currents  in  the  upper  500  m  nearest  the  continental  margin  are  influenced  bv  the  presence 


of  cold  filaments  originating  near  Point  Arena 


I  Isikiidi  (  III IN 

Repeated  measurements  of  the  currents  over  the  continental 
shell  oil  the  west  coast  of  North  America  have  provided  a 
haste  description  of  the  How  held  on  the  shelf  [FrccUmJ  ft  nl.. 
19S4.  Si  rub  ci  ol..  19X6.  Itinoni  cl  ol..  1986],  In  contrast, 
current  measurements  in  the  deep  sea  adjacent  to  the  conti¬ 
nental  margin  are  considerably  rarer  One  exception  is  in  the 
relatively  Hat  basin  ItXl  to  4<X)  km  oil  the  northern  California 
coast  between  the  Mendocino  Fracture  Zone  (40  Nl  and  the 
latitude  of  San  Francisco  l.'8  N|  In  this  region  (Figure  1 1.  14 
current  meter  moorings  were  deployed  in  water  deeper  than 
A400  m  at  various  times  from  1979  through  1985.  as  part  of 
two  experiments:  the  Low-Level  Water  Ocean  Disposal  pro¬ 
gram  it.LWOD)  [Hcoth  ct  ill.  1984]  and  the  Ocean  Predic¬ 
tion  Through  Observation.  Modelling  and  Analysis  program 
lOPTOMAl  [  \/t wr.v  oiul  Robinson.  1984]  The  individual  re¬ 
cords  are  long  |5  to  15  monthsl:  all  14  moorings  obtained 
measurements  within  500  m  of  the  bottom,  eight,  near  1200  m. 
and  five  within  4(Xf  m  of  the  surface. 

Five  years  of  data.  August  1979  to  September  1984.  were 
obtained  at  one  location  (the  W-9  site  in  Figure  1 1.  where  six 
moorings  were  deployed  consecutively.  During  the  first  three 
years  there  were  current  measurements  at  1250,  .5000,  5800. 
and  42(X1  m.  and  during  the  last  2  years  there  were  also 
measurements  at  150  and  WX)  m  This  resulted  in  a  record 
over  5  years  in  length  at  581X)  m.  nearly  .5  years  (although  not 
concurrent)  at  1250.  .5000.  and  42(X)  m  and  almost  2  years  at 
150  m  T  he  length  of  these  records  is  comparable  to  similar 
measurements  in  the  deep  western  North  Pacific  [Imanoki  unit 
I  ok, mo.  1982] 

For  over  a  year,  starting  in  September  1981.  the  main 
1.1  WOD  horizontal  array  of  five  moorings,  each  with  current 
meters  at  5(XX>  and  .4800  m  depth,  and  40  m  above  the  bottom 
was  in  place  (W-5.  6.  7.  8.  and  9  in  Figure  I).  As  part  of 
OPTOMA,  a  smaller  horizontal  array  of  three  moorings  (M-I. 
2.  and  5  in  Figure  tl  was  deployed  in  September  1984  and 
recovered  in  July  1985  Each  M  mooring  had  five  current 
meters,  nominally  at  150.  550.  X(X).  and  1250  m  below  the 
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surface  and  at  200  m  above  the  bottom  The  details,  including 
statistical  parameters,  location,  depth,  and  record  length,  of 
the  resulting  time  series  are  listed  in  Table  I 

The  purpose  of  this  paper  is  to  present  a  summary  and 
synthesis  of  the  current  measurements  made  from  moorings  in 
the  deep  ocean  adjacent  to  northern  California,  with  emphasis 
on  the  mean  currents  and  the  low  frequency  variability  (below 
0.1  cpdl  Previous  knowledge  of  the  subsurface  currents  in  this 
region  was  inferred  mainly  from  hydrographic  observations 
|  H  i/ lie.  19 hb.  (  Itclion.  19X4],  although  satellite-tracked  drift¬ 
ers  have  provided  a  few  direct  measurements  of  the  surface 
current  |  McSulli  ft  ill.  198.5.  R  F  Thomson  and  J  I  Papa 
dak  is.  unpublished  manuscript.  |9XbJ  This  is  a  region  where 
the  California  Current  should  be  apparent  [Hickey.  1979], 
and  it  is  directly  offshore  from  the  Coastal  Ocean  Dynamics 
Experiment,  in  which  the  continental  shelf  was  heavily  instru¬ 
mented  with  current  meters  in  1981  and  1982  [Hitwiit  el  ol. 
19X6)  It  is  also  a  region  where  cold  "filaments."  extending 
seaward  from  the  continental  shelf,  are  frequently  observed  in 
infrared  satellite  images  [ Rcrnstcin  ct  ol..  1977;  kelly.  1985; 
Kosroaiul  lluyer.  19X6], 

Since  we  are  most  interested  in  the  low  -frequency  variability 
of  currents,  the  time  series  are  low -pass  filtered  (half-amplitude 
at  40  hours  and  half-power  at  46  6  hours)  The  records  that 
are  formed  using  two  or  more  moorings  are  first  bridged,  if  the 
gap  is  less  than  5  days,  and  then  the  complete  series  is  low- 
pass  filtered  An  analysis  of  diurnal  and  semidiurnal  tidal  cur¬ 
rents  in  some  of  the  records  is  given  by  Vo  6/e  el  ol.  [  I986u], 

2  I  ni  Du  p-Sl  a  Flow 

The  most  extensive  current  measurements  are  at  depths  be¬ 
tween  5(XX)  m  anti  the  bottom  Flow  at  these  depths  is  blocked 
from  the  north  by  the  Mendocino  Fracture  /one.  which  ex¬ 
tends  from  the  coast  to  about  155  W.  and  to  the  cast  by  the 
continental  margin  The  sill  depth  along  the  escarpment  is  less 
than  281X1  m  until  west  of  the  longitude  of  W-5.  the  mooring 
furthest  from  the  coast  Data  from  the  mooring  deployments 
shown  in  Figure  I  (September  19X1  to  September  1982  W-5. 
6.  7.  X.  art!  9  and  September  19X4  to  July  1985  M-I.  2.  and  51 
provide  a  picture  of  the  deep  flow  over  much  of  the  region 
(F  igure  21.  Most  of  the  measurements  shown  in  F  igure  2  were 
made  near  .5800  m.  and  all  were  between  200  and  5<X)  above 
the  bottom  The  statistical  parameters  are  calculated  using  the 
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I  ig  I  Bottom  topographs  and  the  location  of  the  current  meter  moorings  for  LLWOD  iW  mooringsl  and 
OPTOMA  I  W  mooringsl  programs  I  he  live  l  I  WOI)  moorings  shown  were  in  place  from  September  14X1  until  Septem¬ 
ber  14X2  and  the  three  OPTOMA  moorings  from  September  14X4  until  July  )4X5  The  W-4  mooring  was  pari  of  a  ''-year 
sequence  of  moorings  at  the  same  local  ion  tW-l.  2.  4.  4.  10.  and  1 1 1 


entire  record  (Table  li  Except  lor  W-X  (6  monlhsl  and  M-l  (5 
months),  each  record  is  at  least  4  months  in  length 

The  total  length  of  the  principal  (majorl  axes  in  Figure  2 
represents  one  standard  deviation.  Except  at  the  furthest  off¬ 
shore  location.  W-5.  the  mean  velocities  are  less  than  one 
standard  deviation  Nevertheless,  there  is  a  suggestion  of  a 
flow  pattern  influenced  by  the  large-scale  bathymetry.  The 
deep  water  south  of  the  Mendocino  Escarpment  can  only 
enter  or  leave  through  sector  W-SW-S-SE.  The  quasi-synoptic 
measurements  seaward  of  the  4000-m  isobath  suggest  just 
that  eastward  flow  into  the  basin  that  turns  southward  within 
the  basin 

Although  W-7  and  M-J  are  from  different  years,  there  is  a 
similarity  in  the  eccentricity  and  orientation  of  their  principal 
axes,  and  both  appear  to  be  parallel  to  the  local  bathymetry 
I  he  remaining  two  OPTOMA  moorings  (M-l  and  M-2)  arc 
closer  to  the  coast  and  show  markedly  reduced  means  and 
variance,  suggesting  a  "boundary"  effect  due  to  the  proximity 
of  the  continental  slope 

Ihe  measurements  at  1X00  m.  shown  in  Figure  2.  are  repre¬ 
sentative  of  the  flow  in  the  bottom  1500  m  or  the  basin,  sea¬ 
ward  of  the  4000-m  isobath  On  each  W  mooring,  current 
measurements  are  available  from  above  tat  1000  ml  and  below 
tat  40  m  above  the  bottom)  those  at  1X00  m.  the  depth  of  the 
deepest  instrument  varied  between  41X0  and  4.170  m  Exami¬ 
nation  of  the  current  records  at  each  W  mooring  shows  that 
the  currents  at  the  three  deepest  instruments  are  very  similar 
and  highly  rotary  in  nature  Because  of  the  rotary  behavior  of 
the  low  -frequency  current  fluctuations,  the  use  of  complex  cor¬ 
relation  coefficients  [  A Iimhi.  I476|  is  necessary  These  corre¬ 


lation  coefficients  (listed  in  fable  2 1  were  calculated  and  show 
very  high  correlations  (well  above  44  4  significance  lev  el  1 
between  the  currents  measured  at  1000-  and  !X00-m  depths 
and  40  m  above  the  bottom  On  each  of  the  OPTOMA  moor¬ 
ings  there  was  only  one  deep  instrument  |200  m  above  the 
bottom),  and  their  records  are  not  correlated  with  the  currents 
at  I  200  m.  the  depth  of  the  next  deepest  instrument 

The  ellipses  and  mean  velocities  shown  in  Figure  2  do  not 
fully  reveal  the  strong  eddylike  behavior  that  dominates  the 
deep  basm  This  behavior  is  evident  in  the  vector  time  series 
plots  of  the  records  (Figures  !u  and  lb).  Strong  rotary  behav¬ 
ior  can  be  seen  in  several  of  the  records,  most  notably  W-6 
and  W-4  Only  at  W-5  does  a  mean  current  stand  out  from 
the  mesoscale  eddies  that  dominate  elsewhere  in  the  basin 
The  mean  current  at  W-5  is  northeastward  (the  W-5  vectors  in 
Figure  la  have  been  rotated  45  )  If  the  mean  velocity  is  re¬ 
moved.  however,  the  residual  currents  at  W-5  are  very  similar 
to  those  elsewhere  in  the  basin  The  vector  time  series  at  M-l 
is  not  unlike  that  at  the  W -moorings  The  currents  at  M  l  and 
M-2.  which  au  nearer  to  the  continental  margin,  are  signifi¬ 
cantly  weaker,  in  both  the  mean  and  variance,  and  have  short 
er  time  scales  than  the  currents  measured  at  the  W  moorings 
and  at  M  i 

Rotar>  spectral  analvsis  tl  iguies  4u  and  4 b\  confirms  the 
impressions  gained  Irom  vector  time  senes  (Figures  .V/  and 
}h\.  The  deep  currents  at  W-5.  W-6.  and  W  4  have  significant 
rotarv  behavior  at  lower  frequencies,  with  most  of  the  energy 
at  W-5  and  W-*J  clockwise  and  at  W-6  anticlockwise  The 
rotarv  behavior  is  strongest  at  W-4  at  periods  of  N  to  60  davs 
The  currents  at  W  7  are  more  rectilinear,  and  the  evidence  for 
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I  A  HI  I  1  The  Statistics  F  rom  Fach  Record.  Including  ihe  Mean  Meridional  Velocity  (r).  ihe  Mean  Zonal  Velocity  (uh  Mean  Temperature 

(  /  ).  and  Their  Standard  Deviations  (rr I 


Time 


Mooring 

Latitude 

Longitude 

Depth. 

m 

Start 

Time 

t-nd 

Time 

Length, 

days 

Scale. 

days 

u, 

cm  s  1 

o. 

cm  s  * 

1  . 

cm  s  ' 

ft. 

cm  s  1 

7  . 

C 

0. 

C 

W-t 

)d  rftN 

127  41  2  W 

3050 

Aug.  14.  1S>7«4 

June  25.  1980 

316 

67 

0.22 

2.14 

1  56 

2.52 

1  62 

0  011 

3850 

Aug.  14.  i<m 

June  25.  1980 

316 

8.3 

0.02 

2.04 

1  51 

1  84 

1  49 

0.007 

42bO 

Aug.  14.  1*479 

June  25.  1980 

316 

8.3 

-0.09 

1.83 

-  1 .18 

2.22 

1  51 

0.003 

w-: 

27  1  N 

127  40  0  W 

1255 

June  28.  1980 

March  8.  1981 

254 

79 

-0.85 

2.87 

0  19 

2.14 

299 

0.058 

3000 

June  28,  1980 

March  8.  1981 

254 

8.2 

-006 

1.49 

-Oil 

1  45 

1.61 

0.010 

38(H) 

June  28.  1980 

March  8.  1981 

254 

118 

035 

1.27 

-0.24 

1.24 

1  49 

0.003 

42(X) 

June  28,  1980 

March  8.  1981 

254 

5.7 

0.31 

083 

-008 

092 

W-J 

3d  07  1  N 

127  25 TW 

2910 

June  27,  1980 

March  13.  1981 

260 

9.6 

-0.50 

1  63 

-  1  60 

1  63 

1  64 

0.014 

38(H) 

June  27,  1980 

March  13.  1981 

260 

7.7 

0.66 

1.71 

1.73 

1.84 

1  50 

0.007 

4200 

June  27.  1980 

March  13.  1981 

260 

6.9 

-  0.39 

1.87 

-2.13 

1.93 

1.51 

0.001 

W-4 

3d  27  l  N 

127  42  b  W 

1 250 

March  15.  1981 

July  26.  1981 

133 

5  2 

—  0  8 1 

3.04 

-  1 .27 

2.47 

3000 

March  15.  1981 

Aug  28.  1981 

166 

5.6 

-  0.22 

1  69 

-  2.10 

1  51 

1.61 

0.008 

3800 

March  15.  1981 

Aug.  28.  1981 

166 

6.4 

0.28 

1.68 

-2.04 

1  79 

1  50 

0.005 

4200 

March  15.  1981 

Aug  28.  1981 

166 

6  3 

0.32 

181 

-  2.26 

1.78 

1.52 

0.002 

W-5 

3d  28  4  N 

128  46.5  W 

2970 

Aug  20.  1981 

Sept.  18.  1982 

385 

4.9 

1  74 

1.35 

0  96 

1.17 

1.62 

0.008 

3770 

Aug  .10,  1981 

Sept  18.  1982 

385 

9  3 

3.34 

1  64 

1.39 

1.08 

1.50 

0.005 

42(H) 

Aug.  .10,  1981 

Sept  18.  1982 

385 

9.3 

3.95 

1  79 

1.86 

1.16 

1.52 

0.002 

W-b 

3d  28.5  N 

I2b  45  7  W 

2930 

Sept  5,  1981 

Sept.  21.  1982 

382 

10.7 

-0.83 

2.53 

-0.87 

2.54 

1.63 

0.016 

3750 

Sepi  5.  1981 

July  9,  1982 

308 

7.1 

-  1  15 

3.57 

-  1.75 

3.50 

1  50 

0.012 

4140 

Sept  5,  1981 

Sept  21.  1982 

382 

7.3 

1  09 

366 

-  1.33 

3.79 

1.52 

0.004 

W-7 

38  35.0  N 

12b  24.8  N 

2950 

Sept  .1.  1981 

Sepi.  22.  1982 

385 

14  3 

0.42 

2.14 

-0.38 

2.02 

1  64 

0.015 

3740 

Sepi  1.  1981 

Sept.  22.  1982 

385 

13  9 

1.02 

2.39 

0.79 

2.87 

1.52 

0.013 

42b0 

Sept  .1.  1981 

Sepi  22,  1982 

385 

12.6 

1.50 

2.78 

-0.74 

3  39 

1.53 

0.005 

W-K 

3d  0V5  N 

127  23  0  W 

3000 

Sepi  4.  1981 

Sept  21.  1982 

383 

13.1 

-0.72 

2.74 

-2.89 

.1.87 

1.6.3 

0.013 

3820 

Sept  4.  1981 

March  13,  1982 

191 

14  9 

-0  84 

2.65 

-  3.17 

4  60 

4330 

Sept  4.  1981 

Oct.  22.  1981 

48 

5.1 

-2.30 

2.71 

-5.61 

4  64 

W  d 

3d  27.7'N 

I27  41  X  W 

1210 

Sept  1.  1981 

Sept  19.  1982 

384 

18.0 

0.60 

3.19 

0.33 

2.90 

.106 

0.076 

2980 

Sept  1.  1981 

April  28.  1982 

240 

90 

0  43 

2.34 

-0.24 

2.18 

1.62 

0.005 

3770 

Sept  1,  1981 

Sept  19.  1982 

384 

13  8 

077 

1.64 

-0.34 

1  56 

1  50 

0.004 

4 1 60 

Sept  1.  1981 

Sept  19.  1982 

384 

113 

0.72 

1.61 

0.35 

1.67 

1.50 

0004 

W  m 

3d  28 4  N 

i:?  40  d  w 

150 

Sept  2.1.  1982 

Sept.  1.  1983 

344 

18.9 

-0.50 

4  43 

0.22 

6.75 

8.46 

0580 

NX) 

Sepi  21,  1982 

Sept.  1.  1983 

344 

22.8 

-0.34 

2.15 

-0  40 

2.93 

480 

0.122 

b!  5 

Sept  2.1,  1982 

Sept  1.  1983 

343 

22  8 

-0.26 

1.77 

-  0.39 

2.65 

464 

0.117 

1250 

Sepi  21.  1982 

Sept  1.  198.1 

344 

114 

-0.90 

2.40 

-0.83 

3.20 

3.25 

0067 

3(KX) 

Sepi  21.  1982 

Sept  1.  1983 

344 

10  3 

-0.28 

2.77 

-0.78 

2.98 

1.62 

0.008 

3800 

Sept  2.1.  1982 

Sepi.  1.  1983 

344 

8.8 

-0.03 

1.99 

-0  96 

2.43 

1  49 

0  006 

W  1  1 

3d  2d  p  N 

127  41  1  W 

200 

Sepi  5.  198.1 

June  15,  1984 

285 

26.2 

1.38 

295 

3  59 

6  39 

7.42 

0.187 

NX) 

Sepi  5.  198.1 

Dec.  27.  198.1 

1  14 

144 

2.28 

3.01 

1.04 

5.24 

4.45 

0.040 

1250 

Sept  5.  1981 

Aug  15.  1984 

346 

10.5 

-0.47 

4.37 

1.58 

3.96 

2.92 

0.072 

38(H) 

Sepi  5.  1981 

Sept  26.  1984 

388 

8  9 

0.27 

2.45 

-0.72 

2.7.1 

1  49 

0  011 

42(H) 

Sept  5.  1981 

Sept  26.  1984 

388 

86 

041 

2.05 

0.41 

2.38 

1.50 

0002 

Ml 

38  5b  7  N 

124  5d  8  W 

175 

Sept.  27.  1984 

July  15.  1985 

292 

9.5 

-  2.63 

4.83 

-2.27 

666 

8.53 

0.443 

375 

Sept  27.  1984 

July  15.  1985 

292 

14  5 

-  1 .03 

2.56 

1.05 

.1.08 

6.32 

0.238 

1220 

Sepi  27.  1984 

Feb.  11.  1985 

138 

8.0 

0.83 

1.25 

0  16 

112 

3.11 

0.033 

3250 

Sepi.  27.  1984 

July  1,  1985 

278 

3.4 

0  31 

1.28 

043 

1.48 

1.58 

0006 

m  : 

38  1  l  b  N 

124  24  7  W 

145 

Oct  1.  1984 

July  12.  1985 

283 

13  7 

1  4.1 

3  94 

1.22 

8.77 

8.47 

0445 

340 

Sept  28.  1984 

July  12.  1985 

288 

18  1 

-0  96 

2.69 

t  .65 

5.35 

6.29 

0.332 

8(H) 

Sepi  28.  1984 

July  12.  1985 

288 

19  0 

-0.53 

1  87 

1.21 

2.60 

4.25 

0  100 

1  ld() 

Sepi  28.  1984 

July  12.  1985 

288 

1 7.4 

0.07 

1.50 

0  70 

1.73 

3.67 

0.049 

35bO 

Sepi  28.  1984 

July  12,  1985 

288 

3.0 

002 

0.87 

-  0.36 

1.06 

1.55 

0006 

M  ' 

38  12  5  N 

125  3S  j  w 

350 

Sept  28.  1984 

July  14,  1985 

290 

18  1 

3.58 

4.62 

-  0.67 

4.28 

6.33 

0  371 

8(H) 

Sept  28.  1984 

July  14,  1985 

290 

204 

-2.40 

3  45 

-0.16 

2.31 

4.26 

0.122 

1185 

Sept  28.  1984 

July  14,  1985 

290 

20.1 

-1  68 

2.66 

-0.83 

2.48 

3.25 

0.078 

3810 

Sept  28.  1984 

March  8.  1985 

162 

4.9 

0.18 

2.21 

0.26 

3.23 

1.51 

0.01 1 

The  integral  time  scales  are  calculated  using,  (A/  sCnCmm,  where  C„  is  the  lagged  biased  correlation  coefficient  and  N  +  1  the  number 

of  points  in  ther  senes 


\ 

* 


eddies  is  less.  Although  the  current  at  M-2  has  more  energy  in 
the  clockwise  spectra  than  at  M-l.  the  energy  levels  at  the  two 
locations  are  similar  The  shapes  of  the  spectra  of  the  currents 
at  M-l  and  M-2  differ  from  those  found  in  the  basin  and  at 
M-3  It  is  not  so  much  that  there  is  a  peak  of  energy  at  10 


days  but  rather  that  there  is  less  energy  at  longer  periods  at 
the  M-l  and  M-2  moorings  than  at  the  moorings  further  off 
shore  The  spectra  from  the  moorings  in  deeper  water  show  a 
general  increase  of  energy  with  decreasing  frequency.  At  the 
lowest  frequencies  the  energy  levels  at  the  deeper  moorings  are 


i 
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fig.  7.  The  standard  deviation  ellipses  and  vector  mean  velocities  of  the  currents  at  3800  m  for  LLWOD  and  at  200  m 
above  the  bottom  for  OPTOMA.  The  length  of  the  major  axis  is  one  standard  deviation 


at  least  an  order  of  magnitude  higher  than  those  found  at  M-l 
and  M-2.  although  at  a  period  of  10  days  the  energy  level  is 
similar  at  M-l  and  W-6,  and  at  M-2  and  W-7.  The  entire 
spectrum  from  M-3  is  similar  is  shape  and  magnitude  to  those 
from  W-7  and  W-8.  its  nearest  offshore  neighbors. 

Although  the  vector  time  series  presented  in  Figure  3  have  a 
"generic”  similarity,  they  are  not  obviously  correlated.  Com¬ 
plex  correlations  were  computed  between  the  quasi-synoptic 
records  at  3800  m  and  are  presented  in  Table  3.  There  are  no 
significant  correlations  at  the  99%  level.  This  is  not  totally 
unexpected,  since  the  baroclinic  Rossby  radius  of  deformation 
in  this  region  is  approximately  25  km  and  the  moorings  are 
separated  by  at  least  50  km.  The  highest  correlations  among 
the  I.I.WOD  array  were  found  between  W-8  and  W-9  and 
between  W-5  and  W-8.  The  current  record  at  3800  m  at  W-8 
is  only  half  the  mooring  deployment  length,  owing  to  failure 
of  the  current  meter,  but  the  record  at  3000  m  lasted  for  the 
entire  period.  Since  the  deep  currents  at  W-8  are  very  highly 
correlated  in  the  vertical  (Table  2)  the  horizontal  correlations 
were  recomputed  using  the  longer  3000-m  record  at  W-8.  It 
was  then  found  that  correlations  between  W-8  and  W-9  and 
between  W-8  and  W-5,  were  significant  at  the  99"/.,  level  (listed 
in  Table  3).  In  both  cases  the  currents  at  W-8  lag  the  current 
measured  at  the  neighboring  instrument  by  several  days,  in 
the  sense  consistent  with  the  mean  flow.  An  examination  of 
the  rotary  spectral  coherence,  however,  shows  no  bands  of 
high  horizontal  coherence  between  W  moorings.  The  most 
significant  correlations  among  all  the  horizontal  pairs  were 
between  M-l  and  M-2.  This  pair  is  correlated  at  well  above 
the  99  9",,  level  The  rotary  spectral  coherence  shows  two 
bands  of  high  coherence,  one  from  7  to  15  days  and  the  other 


centered  at  35  days;  the  coherences  arc  strongest  in  the  clock¬ 
wise  but  also  significant  in  the  anticlockwise  direction.  The 
scalar  coherence  between  the  meridional  components  is  also 
significant  in  the  7-  to  15-day  band  with  negligible  phase  dif¬ 
ference.  and  at  35  days  where  the  phase  difference  is  nearly 
180  . 

3.  Tfmporai  Variability 

As  mentioned  in  the  introduction,  the  mooring  site  W-9  was 
instrumented  for  5  years  with  six  sequential  moorings  (W-l.  2. 
4.  9.  10.  and  II).  producing  continuous  time  series  records 


TABLF  2.  Vertical  Complex  Correlations 


Mooring 

Depths. 

m 

Length, 

days 

Corre¬ 

lation 

Rotation 
(  +  ACW), 
deg 

99'\.  Signifi¬ 
cance 

Level 

W-5 

3000  vs.  3800 

384 

0.78 

-  I 

0.23 

W-5 

3000  vs.  4200 

384 

0.73 

0 

0.24 

W-5 

3800  vs.  4200 

384 

0.89 

0 

0.28 

W-6 

3000  vs.  3800 

308 

0.88 

5 

0.29 

W-6 

3000  vs.  4200 

308 

084 

0 

0  28 

W-6 

3800  vs.  4200 

308 

0.99 

-  5 

0.27 

W-7 

3000  vs.  3800 

384 

0  91 

5 

0.35 

W-7 

3000  vs.  4200 

384 

0.84 

5 

0.34 

W-7 

3800  vs.  4200 

384 

0.97 

0 

0  34 

W-8 

3000  vs.  3800 

IW 

0.93 

-5 

0.49 

W-8 

3000  vs.  4200 

45 

0.83 

0 

0.59 

W-8 

3800  vs.  4200 

45 

0.99 

1 

0.59 

W-9 

3000  vs.  3800 

238 

0.78 

3 

0.38 

W-9 

3000  vs.  4200 

238 

0.75 

.  2 

0.37 

W-9 

3800  vs.  4200 

238 

0.95 

0 

0.41 
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Fig.  4  Rotary  spectral  energies  for  (a)  the  live  vector  time  series  shown  in  Figure  3a  and  (h)  the  three  vector  time  senes 
shown  in  Figure  36.  The  heavy  line  is  clockwise  and  the  lighter  line  anticlockwise.  Also  shown  is  the  90"',.  confidence 
interval 


varying  from  2  years  (at  150  m)  lo  5  years  (at  3800  m)  in 
length.  The  availability  of  current  records  that  span  several 
years  provides  the  opportunity  not  only  to  examine  the  low- 
frequency  variability  (less  than  10" 2  cpd)  but  also  the  observe 


TABLE  3  Horizontal  Complex  Correlations 


Moorings 

Separa¬ 

tion. 

km 

Length. 

days 

Co  r  re¬ 
lation 

Rota¬ 

tion. 

deg 

Lag. 

days 

99"..  Signifi¬ 
cance 

Level 

At  3X1)0  m 

W-9  W-5 

92 

378 

0.15 

10 

-3 

0  31 

W-9-W-6 

80 

308 

023 

-  15 

-4 

029 

W-9  W-7 

148 

378 

0.26 

70 

2 

0  37 

W-9  W-8 

50 

188 

0.44 

-  55 

4.5 

045 

W-8-W-5 

127 

188 

0  38 

137 

l 

0.42 

W-8  W-6 

68 

188 

0.13 

120 

-4 

0  34 

W-8- W-7 

101 

188 

0  12 

-28 

0 

0.50 

W-7- W-5 

227 

378 

0.20 

145 

0 

0.32 

W-7-W-6 

104 

308 

027 

-70 

-  2 

0  30 

W-6-W-5 

172 

308 

0.18 

70 

0 

0.27 

Instrument  at  W-H  at  3000  m 

W-8  W-5 

127 

378 

0.32 

124 

-0.75 

0.29 

W-9-W-8 

50 

378 

0  52 

-60 

5 

0.32 

OPTOMA  Within  200  m  of  the  Bottom 

M-l  M-2 

100 

284 

0  33 

-  134 

5 

0.18 

M-l-M-3 

100 

161 

0.18 

30 

3 

027 

M-2  M-3 

100 

161 

0  19 

120 

8 

0.27 

how  representative  a  given  year  is.  The  vector  means  and 
ellipses  (Figure  51  are  shown  both  for  the  composite  of  all  the 
data  at  a  given  depth  and  for  each  mooring  period  Since  each 
mooring  was  at  nearly  the  same  position,  this  allows  an  exam¬ 
ination  of  the  temporal  variability  from  mooring  period  lo 
mooring  period.  The  actual  depths  vary  by  less  than  50  m 
from  the  nominal  depths  given  in  Figure  5.  As  in  Figure  2.  the 
mean  velocities  are  less  than  the  standard  deviation,  except  at 
W-4,  which  was  deployed  for  only  5  months  during  the  spring 
and  summer  of  1981.  During  each  deployment  period,  the 
statistics  of  the  three  deeper  current  meters  are  very  similar 
but  differ  considerably  from  those  at  1250  m.  For  these  deeper 
instruments,  the  variations  of  the  currents  with  deployment 
are  greater  than  the  variations  with  depth  for  a  given  deploy¬ 
ment.  During  each  period  there  is  a  southward  component  of 


TABLE  4.  Complex  Correlations  Between  Currents  at  W-9 


Depths, 

m 

Length. 

years 

Cor  re¬ 
lation 

Rota¬ 

tion. 

deg 

99%  Signifi¬ 
cance 

Level 

3800  vs  1 250 

2.9 

044 

l 

0.18 

3800  vs  3000 

34 

0.80 

-  3 

0  16 

3800  vs.  4200 

3  1 

0.88 

_  ■> 

0  16 
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Fig  5  The  standard  dotation  ellipses  of  the  currents  from  the  six  sequential  moorings  that  form  the  5-vear  time  senes 
at  the  W-4  site.  The  composite  is  the  average  for  the  complete  data  record  at  that  depth,  there  is  al  least  4  tears  of  data  in 
each  composite.  The  length  of  the  major  axis  is  one  standard  deviation. 


the  velocity  at  3000.  3800.  and  4200  m  At  1250  m  the  tempo¬ 
ral  variations  of  the  mean  current  and  of  the  orientation,  size, 
and  shape  of  the  ellipses  are  even  greater  than  at  the  deeper 
instruments.  At  least  4  years  of  data  are  used  in  the  calcula¬ 
tion  of  each  composite  standard  deviation  ellipse  and  mean 
velocity.  The  composite  statistics  at  the  three  deeper  instru¬ 


ments  are  very  similar,  with  the  ellipses  almost  circular  (imply¬ 
ing  the  How  variability  to  be  almost  isotropic)  and  a  small 
southwaid  mean  current  Fven  though  the  mean  southward 
velocity  is  small,  it  is  significantly  (99  l  different  from  zero  at 
the  three  deeper  instruments.  iThe  standard  test  of  the  hypoth¬ 
esis  H„ :  /i  -  0  against  the  alternative  H ,  :  ft  <  0  for  a  normally 


l. 


Velocity  at  3800  meters 

tig  6  I  he  S-ycar  lime  series  of  velocity  al  3800  m  al  Ihe  W-d  sue  the  low-passed  time  senes  of  the  12-hourfv  vcfociiv 
vectors  was  obtained  by  joining  Ihe  records  from  the  six  moorings  lhat  spanned  the  period 
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t  le  "  The  eneigy -preserving  rotaiv  spectral  density  for  the 
yxoo-in  velocity  nme-scncs  shown  in  I  igurc  6  Ihey  h.iu*  been  divid¬ 
ed  into  tour  main  hands,  as  listed  in  text,  with  the  energy  in  each 
hand  shown 


distn hutcd  scries  was  used.  The  number  of  independent  esti¬ 
mates  is  taken  as  the  length  of  the  record  divided  by  the 
integral  time  scale  of  the  series  !  At  1250  m  the  ellipse  is  also 
nearly  circular,  but  the  long-term  mean  does  not  ditler  signifi¬ 
cant!)  from  zero  The  mooring  period  that  encompasses  Id 
Nino  of  14X2  1483  (W-10)  Joes  not  stand  out  as  being  unusu¬ 
al  at  these  depths 

Rotary  correlation  coefficients  were  calculated  between  the 
currents  at  3X00  m  and  those  at  1250.  3000.  and  42(K)  m  using 
lhe  longest  possible  records  and  arc  listed  in  T  able  4  Approxi¬ 
mately  3  years  of  data  were  used  in  each  calculation,  and  ihev 


confirm  the  high  vertical  correlations  between  currents  within 
1500  m  of  the  bottom.  The  persistence  oJ  the  high  correlations 
over  several  years  shows  that  this  is  a  consistent  feature  oJ  the 
deep  flow  in  the  region  The  maximum  correlation  between 
the  currents  at  3X00  and  3000  tn  (or  4200  ml  is  at  zero  lag  and 
with  negligible  rotation  of  the  velocity  vectors  with  depth.  The 
correlation  between  currents  at  1250  and  3X00  m  is  consider¬ 
ably  less  (0.44  versus  0.XX)  than  among  the  deeper  currents  but 
is  still  significant  at  the  44  level  The  maximum  correlation 
between  the  currents  at  1250  and  3X00  m  ts  at  0.5  day  lag.  but 
the  coefficient  at  this  lag  is  the  same  (to  two  significant  digits) 
as  that  at  zero  lag.  The  only  other  depth  at  which  there  is 
more  than  I  year  of  data  is  at  150  m:  analysis  of  this  2-year 
record  shows  that  the  currents  at  3X00  and  150  m  were  un¬ 
correlated  tat  40"..  level). 


4.  Avmxxisoi  iiii  Vi  k v  I. < Time  Series 

An  examination  of  tlve  5  years  of  i2-hourly  velocity  vectors 
<0  3X00  m  < figure  h)  shows  a  generally  southward  velocity 
with  periods  of  highly  rotary  behavior  at  irregular  intervals. 
Almost  all  are  clockwise  and  appear  as  interruptions  of  the 
generally  steady  southward  flow.  One  of  the  few  anticlockwise 
occurrences  happens  in  November  and  December  of  14X3. 
Each  event  lasts  from  a  couple  of  weeks  to  a  couple  of 
months.  Because  of  the  highly  rotary  behavior  of  the  currents 
during  much  of  the  record,  it  was  analyzed  using  rotary  spec¬ 
tra  techniques. 

The  3N00-m  record  is  almost  twice  the  length  of  the  current 
record  discussed  by  Imuwaki  ami  Takano  [1482]  for  the  west¬ 
ern  North  Pacific.  To  compare  the  5-year  record  shown  here 
with  their  results,  the  rotary  spectra  are  presented  m  an 
energy -preserving  manner  (figure  7).  This  analysis  overesti¬ 
mates  the  energy  in  the  lowest  frequency  band  by  less  than 
5"-..  As  expected  from  the  examination  of  the  time  series,  the 
band  from  about  20  Jo  1(30  days  contains  significantly  more 
clockwise  energy  than  anticlockwise:  however,  the  energy  at 
longer  periods  is  more  evenly  partitioned  between  clockwise 
and  anticlockwise.  The  component  spectra  (not  shown)  have 
more  energy  in  the  meridional  flow  than  the  zonal,  hollowing 
Imawaki  and  Takano.  the  spectrum  has  been  divided  into  four 
bands:  periods  greater  than  120  days  (annual  seals);  periods 
betwen  5  20  and  31  days  (temporal  mesoxcale  as  defined  by 
Schmitz  |  |47X]);  periods  between  31  and  10  days  (monthly 
scales);  and  periods  between  1.5  and  16  days  (synoptic  weather 
scale)  Eor  clockwise  rotation,  most  of  the  energy  is  in  the 
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Velocity  at  1250  meters 

I  ivl  X  I  lie  low-passed  lime  series  of  ihe  1 2-hourly  velocity  sectors  tor  the  currents  al  1 250  m 


temporal  mesoscale  hand,  while  for  anticlockwise  the  energy  is  current  at  1250  m  contrasts  with  the  generally  southward  hut 

almost  constant  across  the  four  bands.  The  total  kinetic  variable  current  at  5800  m. 

energy  is  shown  and  can  be  compared  with  the  results  of  Rotary  spectra  for  the  three  5-vear  continuous  record  at 
Imawaki  and  takano.  which  arc  listed  in  Table  5.  fhc  total  1250  m  are  presented  (Figure  9|  in  the  same  energy-preserving 

kinetic  energy  in  Ihe  four  spectral  bands  is  also  listed  for:  the  manner  as  for  the  5800-m  record.  Rotary  spectra  for  the  5 

5  years  of  1250-m  currents,  the  5  years  of  the  5800-m  currents  years  at  5800  m  that  are  simultaneous  with  the  time  period  of 
which  are  simultaneous  with  the  1250-m  record,  and  the  2  the  1250-m  record  arc  not  shown,  because  they  are  virtually 
years  at  150  m.  These  will  be  discussed  later  in  (his  section.  In  ( he  same  as  the  5-vear  record.  This  can  be  seen  in  Table  5. 
general,  the  energy  levels  arc  higher  in  the  western  North  where  the  energv  levels  in  each  frequency  band  of  the  5-year 
Pacific  than  in  the  eastern  North  Pacific  olT  California.  A  record  and  the  shorter  5-year  record  are  almost  identical  As 
greater  percentage  of  the  energy  in  the  deep  eastern  North  at  5800  m.  more  energy  is  found  in  clockwise  rotation  than 
Pacific  is  in  higher  frequency  bands  (T  <51  days)  than  in  the  anticlockwise,  but  the  difference  is  not  as  large  as  observed  at 
western  North  Pacific,  and  less  than  half  the  energy  is  in  the  (he  deeper  instrument.  Table  5  shows  that  there  is  also  a  shift 
temporal  mesoscale  band  compared  to  almost  two  thirds  of  <>f  energy  to  the  red  at  1250  m  At  5800  m.  almost  half  the 
the  energy  in  the  western  North  Pacific  record.  energy  is  in  the  temporal  mesoscale.  twice  a  much  as  in  the 

Velocity  vectors  for  4  years  of  data  (with  a  45-day  gap  at  annual  band,  while  at  1250  m  only  58  ’..  is  in  the  temporal 

the  end  of  the  first  year!  at  1250  m  are  presented  in  Figure  8  mesoscale  and  over  44 in  the  annual  band,  t  hese  are  similar 

It  has  been  noted  (section  5)  that  the  currents  at  1250  m  arc  to  results  found  by  Silimii:  f 1978]  near  the  thermocline. 
significantly  correlated  with  those  at  5800  m,  so  it  is  expected  where  the  temporal  mesoscale  was  masked  by  lower-frequency 
that  there  arc  apparent  similarities  between  the  currents  at  energy. 

these  two  depths.  The  most  notable  similarities  are  the  behav-  The  stippled  areas  (Figure  hi  indicate  the  frequencies  where 
ior  of  the  currents  at  the  end  of  1982  and  1983.  and  the  eddies  the  currents  at  1250  m  are  strongly  coherent  (greater  than 
seen  in  April  and  May  1981  and  in  May  1984.  Differences  arc  95",.  significance  level)  with  those  at  58(H)  m  These  frequency 
also  apparent:  at  1250  m  there  was  a  strong  eddy  present  in  bands  of  significant  coherence  are  very  robust  and  persist  re- 
January  of  1985  which  is  barely  discernible  at  5800  m;  during  gardless  of  the  sampling  period  used  or  the  statistical  tcch- 
the  first  several  months  of  1984  the  strong  steady  northward  niques  that  are  applied.  It  is  interesting  that  the  highest  cohcr- 
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Pig.  9  The  energy -preserving  rolarv  spectral  density  for  ihe  eur- 
renis  ai  1250  m  The  suppled  areas  are  those  frequencies  where  the 
currents  at  1250  and  5500  m  are  coherent  |95"..  significance  level) 


cnees  at  the  lowest  frequencies  arc  in  the  anticlockwise  hand, 
while  at  shorter  periods  1 40  50  days)  the  high  coherences  are 
in  the  more  energetic  clockwise  rotations.  The  coherences  be¬ 
tween  the  currents  at  3000  and  3800  m  and  between  those  at 
3800  and  4200  m  were  also  examined  The  highest  coherences 
between  3000  and  3800  m  were  found  for  clockwise  rotation, 
where  all  periods  longer  than  10  days  were  coherent  (95".. 
significance),  while  for  anticlockwise  rotation  the  coherent 
band  is  limited  to  periods  longer  than  25  days  The  high  co¬ 
herences  between  currents  at  3800  and  4200  m  extend  to  even 
shorter  periods  to  include  those  longer  than  5  days  in  the 
clockwise  and  15  days  in  the  anticlockwise. 

Also  listed  in  Table  5  is  (he  total  kinetic  energy  of  the 
currents  at  150  m  in  the  four  bands  previously  defined.  This 


record  is  only  630  days  long  but  shows  the  genera)  trend  of 
the  energy  shifting  toward  the  red  with  decreasing  depth  At 
150  m  there  is  a  loss  of  the  rotary  signature  that  was  yery 
strong  at  38(H)  m  and  still  evident,  although  weakened,  at  12(H) 
m. 

5  Vi  r ik  ai  S i Kt  <  it  Hh 

Five  of  the  moorings  (W'-IO.  W- II.  M  l,  M-2.  and  M-3| 
extended  to  within  400  m  of  the  surface  and  provided  time 
series  of  the  currents  at  depths  where  the  California  Current  is 
expected  to  be  observed.  Moorings  W-10  and  W-l  I  were  con¬ 
tinuations  of  the  W-9  mooring  in  Figure  2.  For  the  five  moor¬ 
ings.  ellipses  and  mean  currents  are  shown  (Figure  10).  The 
length  of  the  records  is  chosen  so  that  each  record  from  a 
particular  mooring  has  the  same  start  and  end  dates.  The 
length  of  each  OPTOMA  record  is  278  days.  W-10  is  344 
days,  and  W-l  I  is  285  days.  (The  W-l  1  statistics  differ  slightly 
from  those  shown  in  Figure  3.  since  a  shorter  time  period  is 
used  here)  A  southward  (lowing  California  Current  is  not 
apparent  in  the  mean  of  the  shallower  current  records,  al¬ 
though  the  deeper  currents  have  a  southward  mean  flow  that 
is  significantly  different  from  zero  The  energetic  low- 
frequency  variability  is  readily  apparent  in  the  vector  time 
series  plots  (Figure  III  of  W-10  and  M-2.  the  two  moorings 
with  the  most  complete  vertical  resolution  of  the  currents 

In  general,  the  currents  are  stronger  near  the  surface  The 
magnitudes  of  the  standard  deviation  ellipses  at  M-2  decay 
almost  linearly  with  depth,  while,  at  W'-IO,  the  sizes  of  the 
ellipses  become  nearly  constant  at  600  m  and  do  not  decrease 
below  this  level  The  ellipses  from  the  shallower  instruments  at 
all  the  moorings  are  very  eccentric  with  a  tendency  for  north- 
south  orientation,  while  the  mean  velocities  are  variable  and 
not  significantly  different  from  zero 

Moorings  W'-IO  and  W-l  I  were  in  the  same  geographic 
location  during  two  different  years  The  variations  of  the  deep 
currents  from  mooring  period  to  mooring  period  were  dis¬ 
cussed  in  section  3  The  currents  w  ithin  6(H)  m  of  the  surface 
are  also  highly  variable  from  year  to  year.  The  shape  and 
orientation  of  Ihe  ellipses  at  1  50  and  6(H)  m  (W’-IO)  are  similar, 
although  the  magnitudes  dilfer  considerably  (Figure  101  Qual¬ 
itatively.  the  currents  (Figure  llu)  at  150  and  600  m  appear 
very  similar,  while  the  currents  at  1250  m  appear  to  be  a 
transition  from  the  shallow  to  the  deep  currents  It  is  also 
evident  that  the  small,  intense  eddies  present  below  1250  m 
are  almost  nonexistent  in  the  two  shallow  records. 

I  vidence  for  the  presence  of  subsurface  eddies  is  not  limited 
to  the  current  meter  records  During  August  1981  a  series  of 
conductivity  temperature  depth  (C'TD)  casts  were  done  along 
39  2(1  N  from  129  W'  to  126  W’  A  depression  of  the  deep  iso¬ 
therms  by  1(H)  m  was  attributed  to  the  presence  of  a  cyclonic 
eddy  [ //filth  ci  uf.  1984]  The  eddy  was  at  least  50  km  in 
diameter  and  was  strongest  at  38(H)  m  This  is  similar  to  the 
behavior  of  eddies  found  in  the  current  measurements.  They 
are  ienslike,  i.e  .  confined  in  the  horizontal  and  vertical 

The  nominal  depths  for  the  OPTOMA  instruments  are 
given  in  Figure  10;  the  actual  depths  vary  by  less  than  50  m 
for  the  four  upper  current  meters,  and  the  deepest  instrument 
is  2(H)  m  above  the  bottom  At  each  mooring  the  statistics  of 
the  tw  o  shallowest  instruments  arc  very  similar,  while  the  sta¬ 
tistics  from  the  deepest  instrument  differ  markedly  from  the 
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Fig  10.  The  vector  means  and  standard  deviation  ellipse  for  the  ihree  OPTOMA  moorings  and  the  two  LLWOD 
moorings  with  the  most  complete  vertical  resolution.  The  length  of  the  major  axis  is  one  standard  deviation.  Nominal 
depths  al  the  left  are  for  W-10  and  W-l  1 .  those  at  the  right  are  for  the  M  moorings. 


others.  Figure  1  16  shows  the  current  vectors  for  M-2.  Here  the 
four  shallowest  records  (al  and  above  1200  ml  are  very  similar, 
with  the  strength  of  the  current  decreasing  with  depth.  There 
appears  to  be  little  rotary  behavior  in  the  four  upper  records. 
The  current  at  the  deepest  instrument  is  not  only  much 
weaker  but  has  a  shorter  time  scale  than  the  shallower  cur¬ 
rents. 

Rotary  spectra  for  the  M-2  currents  are  shown  (Figure  126). 
The  heavy  line  denotes  the  clockwise  rotation.  As  expected 
from  examining  Figure  II,  there  is  not  any  significant  rotary 
behavior  in  the  four  shallower  records,  but  the  current  at  3560 
m  does  have  significant  clockwise  rotation  at  the  lower  fre¬ 
quencies.  At  each  depth  (excluding  the  deepest)  there  is  an 
increase  of  energy  toward  low  frequencies.  The  magnitude  at 
the  lowest  frequencies  decreases  with  depth.  These  can  be 
compared  to  the  spectra  from  the  year-long  records  for  W-10 
(Figure  12a).  The  strong  rotary  behavior  of  the  deep  currents 
is  evident  even  in  these  shorter  records.  The  energy  levels  are 
very  similar  at  the  shallowest  instruments  on  W-10  (150  m) 
and  M-2  (145  m).  The  spectra  at  M-2  at  1200  m  are  very 
similar  to  the  anticlockwise  spectrum  at  W-10  at  1250  m.  but 
the  spectra  at  the  deepest  currents  differ  at  the  two  moorings, 
with  the  lowest-frequency  energy  levels  much  less  at  M-2  than 
at  W-10,  as  noted  in  section  2. 


To  further  investigate  the  relationships  between  currents  at 
different  levels  in  the  moorings,  we  compute  the  rotary  corre¬ 
lations  between  the  currents  for  the  two  moorings  sites  with 
the  best  vertical  resolution.  A  list  of  correlations  between  the 
current  meter  records  at  W-10  is  given  in  Table  6.  As  expected 
from  visual  examination  of  the  records,  the  currents  at  150 
and  600  m  arc  highly  correlated,  as  are  those  at  3000  and  3800 
in.  The  currents  at  1250  m  are  significantly  correlated  with 
those  above  and  below,  but  there  is  virtually  no  correlation 
between  currents  at  or  above  600  m  with  those  at  and  below 
3000  m.  Listed  in  Table  7  arc  the  correlations  between  the 
currents  at  each  depth  at  the  M-2  mooring.  The  four  shallow 
records  are  significantly  correlated  with  each  other.  The  cur¬ 
rents  at  3560  m  are  not  significantly  correlated  with  any  of  the 
currents  above  1200  m. 

To  examine  the  vertical  structure,  empirical  orthogonal 
functions  (EOF)  of  the  covariance  matrices  for  W-10  and  M-2 
are  calculated  following  K uniltt  anti  Allen  [1976],  The  results 
arc  shown  in  Figure  13  and  Table  8  Most  of  the  energy  for 
both  M-2  (90" „ )  and  W-10  (66", ,)  is  in  the  first  mode.  The 
second  mode  at  both  moorings  contains  over  60%  of  the 
remaining  variance  and  has  a  zero  crossing  above  600  m.  This 
results  in  over  90",,  of  the  total  variance  being  explained  by 
the  first  two  modes  and  over  68"„  of  the  variance  at  each 
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f  ig  12  Rotary  spectral  density  of  the  currents  shown  lu)  in  Figure  Hit  and  ( h)  in  Figure  I  lh.  The  heavy  line  is  the 

clockwise  rotation  ami  the  lighter  line  anticlockwise. 


depth  being  explained  by  a  combination  of  the  first  and 
second  modes  (except  the  deepest  instrument  at  M-2).  At  each 
mooring,  the  structures  of  both  modes  differ  considerably 
from  the  mean  velocities,  which  are  also  shown. 

A  statistical  test  for  significance  of  EOF  modes  is  given  by 
Overland  and  Preisendorfer  [1982].  Their  results  are  for  scalar 
EOFs  and  are  not  applicable  to  the  complex  EOFs  that  are 
used  here.  Following  their  development,  the  99"..  significance 
levels  for  complex  EOFs  were  calculated  using  10  series,  and 
each  series  consisted  of  60  independent  values.  At  both  moor¬ 
ings  the  percentage  of  variance  for  which  the  first  mode  ac¬ 
counts  is  well  above  33".,.  which  is  the  99'V..  significance  level. 
The  second  modes  would  fall  below  the  99"..  significance  level 
(38"  . I  if  calculated  from  the  percentage  of  the  total  energy. 
They  are  significant,  however,  if  compared  to  the  percentage 
of  the  remaining  variance  for  which  the  second  mode  accounts 
(28".,).  after  the  variance  in  the  first  mode  is  removed. 

At  mooring  W-10.  the  first  mode  is  most  highly  correlated 
with  the  currents  in  the  upper  water  column  The  second 


mode  is  more  highly  correlated  with  the  deeper  currents.  In 
fact,  the  second  mode  appears  to  be  related  to  the  eddies 
found  below  1200  m.  The  strength  of  these  eddies  is  the  main 
reason  that  the  percent  of  variance  explained  by  the  second 
mode  is  so  muyh  greater  at  W-10  than  at  M-2.  The  strength  of 
the  February  1983  eddy,  which  is  most  energetic  at  3000  m, 
results  in  only  7"„  of  the  variance  at  3000  m  being  explained 
by  the  first  mode  (Table  8).  If  the  time  periods  of  the  strong 
eddies  are  deleted  from  the  record,  then  both  a  greater  per¬ 
centage  of  total  variance  and  a  greater  percentage  of  the  vari¬ 
ance  at  each  of  the  deeper  instruments  (at  3000  m  it  increases 
to  over  20%  from  7%)  are  explained  by  the  first  mode. 

Unlike  mooring  W-10.  M-2  does  not  experience  strong 
eddies,  and.  because  of  this,  the  first  mode  accounts  for  over 
90" „  of  the  total  variance  and  almost  all  the  variance  of  the 
two  shallowest  current  records.  The  second  mode  accounts  for 
most  of  the  variance  at  800  and  1 190  m.  The  current  at  3560 
m  is  not  correlated  with  either  of  the  first  two  modes.  It  is  not 
surprising  that  less  than  8%  of  the  variance  of  the  current  at 
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TABl  L  ( i  Complex  Correlations  Among  Currents  Records  From  DtITerent  Depths  of  Mooring  W-IO 
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3560  nt  is  explained  by  the  first  two  modes,  since  the  deep  changes.  The  first  mode  was  not  affected  by  these  changes, 
currents  are  not  correlated  with  any  shallower  measurements  The  second  mode's  general  structure  remained  the  same,  hut 


on  the  M  moorings. 

The  empirical  modes  can  he  compared  w  ith  the  dynamical 
mode  shapes  obtained  by  solving  the  standard  eigenvalue 
problem  with  a  fiat  bottom  |  k  multi  et  ul..  1975],  The  Brunt- 
Vaisala  frequency.  /V( r I.  which  is  a  necessary  input  to  the  com¬ 
putation  of  the  dynamical  modes,  was  obtained  from  CTD 
casts  that  were  done  during  September  1 983  for  W-10  and 
during  July  1985  for  M-2.  Both  the  CTD  casts  were  within  10 
km  of  their  respective  moorings.  Several  other  CTD  casts 
made  during  dilTcrent  seasons  within  1  (X)  km  of  the  mooring 
were  used  to  test  the  sensitivity  of  the  modes  to  seasonal 


the  zero  crossing  varied  in  depth  by  100  m  depending  on  the 
.V-  profile  used. 

The  first  and  second  normalized  dynamical  modes  and  the 
empirical  orthogonal  functions  are  plotted  (Figures  I4u  and 
I4h).  The  amplitudes  of  the  EOF  modes  were  obtained  from 
the  EOF  vectors  (shown  in  Figure  13)  by  using  the  length  of 
each  vector  projected  onto  the  150-m  vector  l.v  axis).  The 
shapes  of  the  first  empirical  mode  and  dynamical  mode  are 
very  similar  at  W-10  and  at  M-2  Both  the  dynamical  and 
empirical  functions  for  the  second  mode  have  a  zero  crossing 
above  500  m.  with  a  maximum  amplitude  between  700  and 
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I  ig  12  The  iwv>  most  energetic  velocity  (complex)  empirical  or¬ 
thogonal  modes  at  i •/)  W  - 1 0  ami  |/»i  M-2.  The  vectors  are  relative  to 
the  shallowest.  which  is  along  the  a  axis  Also  shown  are  the  mean 
velocities  relative  to  north,  which  is  along  the  i  axis  I  he  percentage 
of  total  energy  in  each  mode  is  indicated 


K00  m  At  W-IO  the  second  empirical  mode  has  a  much  larger 
magnitude  than  the  dynamical  mode  at  2001)  and  2N00  m 
owing  to  the  strength  of  the  transient  eddies 


h.  ftlM  1  ISIONS 

The  region  olVshore  of  the  continental  margin  of  northern 
California  is  an  area  of  low  mean  current  even  though  it  is 
within  the  California  Current.  The  currents  in  the  upper  ocean 
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are  highly  variable,  witn  no  significant  mean  meridional  flow 
but  with  a  large  rms  amplitude  o!  the  order  ol  in  cm  s  1  I  tie 
mean  current  is  dominated  by  eddies  in  the  region  and  also 
mtluenced  bv  the  "squirts’*  or  "cold  filaments"  that  may  orig¬ 
inate  in  the  vicinity  of  Point  Arena  and  (.  ape  Mendocino  and 
extend  as  far  olVshore  as  mooring  W  -4  (Too  knn  I  he  behavior 
of  the  currents  in  the  1500  m  above  the  hottom  varies  signth- 
cantlv  from  that  of  the  currents  in  the  upper  ”00  m  At  eai.li 
mooring  site  in  the  basin  there  is  high  vertical  coherence  be 
tween  the  currents  in  the  bottom  1500  m.  where  there  is  weak 
but  significant  southward  How  I  he  measurements  suggest  the 
random  occurrence  of  main  intense,  probably  small-scale  (di¬ 
ameters  of  the  order  of  >0  km),  lenslike  eddies  I  hey  mav  be 
formed  at  the  Mendocino  escarpment  and  transported  south- 
w  aid 

file  behavior  ot  the  currents  shoreward  <>l  the  4000- m  depth 
contour  diMcrs  from  that  ot  the  currents  m  the  deeper  basin 
The  near  surface  currents  arc  clearly  in  the  region  of  strong 
squirts  and  jets  In  fact,  during  the  spring  that  the  M  moorings 
were  m  place  a  prominent  ict  originated  near  1*01111  Arena, 
passed  between  M-l  and  M-2.  and  extended  westward  beyond 
\ I  5  In  I  igurc  !  it  can  be  seen  that  these  OPTOMA  moor¬ 
ings  form  a  ncarlv  equilateral  triangle  with  sides  of  approxi¬ 
mated  loo  km.  with  M  l  northwest  of  M-2  During  the  time 
tlie  cold  filament  was  apparent  m  satellite  IR  images,  there 
was  a  convergence  oi  the  current  tin  the  uppe:  400  mi  between 
M  l  and  M-2  with  olVshore  tlow  at  the  mooring  furthest  west. 
\  1  - . a  The  upper  currents  (above  400  ml  in  the  region  near  the 
continental  margin  are  clcariv  mllucnccd  bv  the  situctuie  of 
the  lets  that  occur  there  The  behavior  ol  the  deep  currents 
shorcwaid  ot  the  4»>oo-m  isobath  also  diMcrs  markedlv  from 
those  seaward  At  Ml  and  M-2  the  time  senes  ol  the  deep 
currents  appear  as  il  hand  passed,  with  much  ol  the  veiv  low 
licqucncy  energv  filtered  liom  the  currents  I  his  mav.  in  part, 
be  caused  bv  the  proximity  01  the  slope,  which  n  approxi¬ 
mately  one  Rossbv  radius  aw. tv 

■\n  obvious  question  remains  What  is  the  source  ol  the 
high  variability  *  \llhough  the  mean  current  at  all  depths 
measiiied  is  small  1O1I)  cm  s  1 ).  the  cddvhke  variability  ts 
strong,  and  subtidal  currents  greater  than  10  cm  s  1  arc  com¬ 
monly  sustained  for  weeks  \  *«/»/»•  ft  u/  |Idso/>|  found  some 
weak  evidence  for  wind  forcing  at  subtidal  periods,  shortei 
than  10  ilavs.  using  relatively  short  record*  In  subsets  of  the 
basin  currents  data,  they  lound  evidence  that  the  currents, 
with  periods  of  several  d.ivs  have  char acter isties  similar  to 
those  predicted  In  stochastic  models  lor  wmd-torced  tlow  m 
the  .'pen  ocean  I  his  does  not  seem  to  be  the  case  for  the 
v.mibilitv  on  the  moic  eneigeoc  tern p< »r.i  1  mesoscale  and 
annual  band*  We  have  calculated  the  c  unplex  correlation 
coefficients  between  the  winds  at  two  National  Data  Buoy 
(  Mficc  NDHv)  buoys  B  02  1  latitude  42  *0  \  1  ariii  B-14  (lati¬ 
tude  '*>  12  \i.  and  the  cutteiifs  mcasuied  at  W  10  I  here  was 
in>  significant  correlation  between  the  winds  at  either  ol  the 
two  btn»\s  ami  the  currents  a!  J  >1*  m  \n  examination  of 
coherence  between  a  >4  ve.u  record  ol  the  currents  at  4 HOP  tn 
and  wind  stress  at  B  02  shows  no  bands  ot  high  coherence  on 
periods  longet  than  ,1  week  \  thorough  analysts  of  the  re 
latioiislnp  between  the  currents  and  the  winds  remains  to  be 
done,  including  a  test  ol  the  Sverdrup  balance  using  the  wind 
stress  curl  derived  Horn  synoptic  wind  fields,  as  was  done  by 
\  m/«t  <mj  Kt»hhnsk\  |ll>Ns|  We  are  pursuing  this  with  col 
leagues 


Fig  14  The  amplitude  distribution  ol  the  first  two  dynamical  modes  along  wiih  the  empirical  modal  amplitudes  for  ud 
l.l  NVOD  mooring  W- 10  and  <M  <  )P  TOMA  mooring  M -2 


!•  know  I  he  II  WOD  moorings  vs  ere  part  of  a  studs 

supported  by  Sandia  National  Id  bora  tones  the  OPTOMA  program 
is  funded  by  the  Physical  Oceanography  Program  of  the  Office  of 
Naval  Research  I  he  OSl  Buoy  Group  and  Dale  Pillsbury.  its  man¬ 
ager  prepared,  deployed,  and  recovered  all  the  moorings  and  pro¬ 
tested  the  data  I  he  analysis  in  this  paper  and  its  preparation  were 
supported  hv  the  Physical  Oceanography  Program  of  the  Office  of 
Nasal  Research  The  appointment  of  one  of  the  authors  (RLSl  to  the 
(  N< )(  t<  ommandcr  Naval  Oceanography  Command!  Research 


Chair  in  Oceanography  at  the  Naval  Postgraduate  School  facilitated 
the  completion  of  this  paper 
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\bstracl  Data  iiom  an  arrav  ol  current  melerv  (henmsloi  chains,  ami  melet>io|o*!»ialh 
ni'U  imumtcet  Ihiovs  deptoveil  in  the  shallow  watet  (depths  ot  97  to  1 1  s  m )  ol  the  1  .M  (  Inna  Sea 
duiinc  AM  1 1  Vs  I  f  ehiu.uv  |9S^)  show  that  the  vertical  temperaluie  ililleienee  Iviwecn  tile  2" 
am!  "n  m  depths  tveularK  alleruated  helween  d  (  am!  a  maximum  ot  u  lo  (  1  he  penmlicilv  ol 

chance  was  pteilnmmahtlv  that  ol  the  senmlmnial  tide.  12  4  h.  with  some  modulation  at  diurnal 
ot  ne.it  diurnal  peiiodiviH  1  lie  vertical  cradteiH  developed  most  olten  when  euuents  wete  in  a 
noiihwesl  diteetton  a  direction  parallel  lo  ihe  average  noithwesi  southeast  hon/ontal  stilt. tie 
wakf  tetupeialuie  CMihenl.  when  the  euttents  tevei'sed  ISO  .  to  the  MuithcaM.  ihe  veiueal 
eiadtenls  tended  lo  dec  tease  or  disappc.it  altocelliet  An  explanation  is  civeti  in  terms  ol  vertu al 
sheai  m  the  semidiurnal  tidal  cm  tents  coupled  with  the  simliilv  hieher  eunent  speeds  dmme  iIk 
ollsheli  phase  t  soulheasl  since  lion  I  ol  the  etirreru  ellipse 


I  s  1  l<  o  l  >  i  i  i  1 1 )  \ 

I  hi  An  Mass  I  ranslormation  Experiment  (  AM  11  X-75)  was  one  ol  ihe  subprograms  ol 
the  ( ilobal  Atmospheric  Rese.ireh  Program  (( i  ARP).  Its  mam  purpose  was  to  study  how 
the  wintertime  cold  eontment.il  air  mass  is  modified  as  it  sweeps  out  over  the  hast  (  hina 
Sea  unit  the  \ ore  warm  Kuroshio  Current  (Must  i  \.  P)77a:  la  sst  now  and  Amt.  074. 
Pt7(i)  \s  part  ot  this  experiment.  Oregon  State  University  anchored  buoys  and  current 
meters  (CM)  on  the  continental  shell  northwest  ol  Okinawa  in  the  waters  ol  the  East 
China  Sea  (l  ie  1)1  he  buoys  were  equipped  with  meteorological  sensors  and  thermistor 
chains  i  lip 

A  large  data  base  was  acquired  and  various  results  have  already  been  published.  | Cor  a 
listing  see  Mi  t si  i  \  |  |b77a.  b.  P>7s.  ln7U).|  I  he  Oregon  State  University  data  was  used 
as  ,i  basis  tor  the  following  papers.  I  ki  sum  |U7r>)  summarized  the  overall  analyses  of  the 
atmospheric  atul  ocean  data  from  the  buoys,  lit  ki  and  Aon  ( I *477 )  described  the 
synoptic  and  the  niesoseale  cellular  convection  cells  found  in  both  buoy  and  satellite- 
derived  data.  I  ki  strand  Bi  ki  ( I'ISI )  analyzed  the  current  metet  data,  including  current 
roses,  rotary  spectra  and  large-scale  features.  I  ki  mm  til.  (  OnZ)  examined  the  effects  of 
the  niesoseale  atmospheric  convection  cells  upon  the  niesoseale  structure  of  the  underly¬ 
ing  atul  shallow  water  column  Ismoxer  til.  (!')S4)  wrote  on  the  effects  of  niesoseale 
convective  cells  on  the  surface  wind  held  over  the  ocean. 

Hus  paper  analyzes  the  unexpected  variations  in  the  vertical  temperature  gradient  of 
the  shallow  water  column,  as  measured  with  thermistor  chains.  The  phenomenon  is  seen 


(  olleuc  ol  <  KeanoLTaphv .  <  )rcp»n  Stale  l  nivcrMlv .  (  or\  .illis.  ( )|<  u"* '  I .  ISA 
Marine  I  cchnolojjv  Division.  Naval  Research  l  ahoralorv  .  Washington.  I)  (  2"  '7>.  ISA 

449 


A, 


451 


Icmpcr.iluic  iii.ulicnls  in  llic  laM  ('tuna  Sc.i 


CURRENT  TO  NW 


_ \ _ \ _ _ i _ _ 

CURRENT  TO  SE 


he  >  Mechanism  In  which  \ criic.il  shear  in  tul.il  aments  develops  vertical  tempciatuic 
madienis  when  the  current  is  toward  the  northwest  (a),  and  lends  to  erase  the  uiadicnts  w hen  the 
anient  is  towards  the  southeast  (b)  m  the  Last  (  hm.i  Sea  neai  AM  1  I  Sla.  I  I  he  solid  lines 

in  ta)  show  the  vertical  temperature  distnlnition  when  the  tidal  eurient  lias  leached  its  maximum 
excursion  toward  the  southeast,  dashed  lines  show  the  vertical  temperature  distribution  w hen  the 
tide  has  icached  its  maximum  excursion  towards  the  northwest  |b)  shows  the  ie\e»se  situation 


in  the  time  series  ot  temperature  difference  between  the  20  anil  70  m  levels  ( Fie.  2)  w liich 
at  times  alternates  between  zero  or  nearly  zero  and  about  0.65  C  with  a  semidiurnal. 
Alternating  setup  and  disappearanee  ot  thermal  st rat iticat ion  to  depths  of  7tl  m  with  sueh 
rapidity  is  unusual.  We  believe  that  the  variability  can  be  explained  by  the  alternating 
onshclf-olTshclf  transport  of  warmer  Kuroshio  water  and  cooler  bast  China  Sea  water  Ivy 
a  combination  of  mean  and  tidal  currents  (l;ig.  5).  Oftshore  transport  results  in 
destabilizing  the  w  titer  column  by  an  overflow  at  the  mooring  of  the  cooler  shelf  waters  of 
the  I  ast  China  Sea.  hence  the  vertical  thermal  gradient  setup  prior  onshclf  transport  of 
warmer  water  is  destroyed  by  vertical  mixing. 

I  >  V  I  \  SOI  K<  I  s 

latch  of  the  three  buov-mounted  thermistor  chains  deployed  in  AM  I  I  \-75  showed 
the  thermal  stratification  variabilitv .  The  chain  data  used  here  is  from  buoy  No.  1  winch 
was  anchored  at  about  2S  52.2'N.  125  00  4  ' f  (fig.  I).  Water  depth  was  07  m  and  the 
shelf  floor  was  quite  flat  The  thermistor  chain  was  manulacturcd  by  Aanilcraa  ol 
Bergen.  Norwav.  and  prov  tiled  a  resolution  ol  ±0.01  C.  it  was  supported  In  a  20  m  long 
spar  buoy.  Water  temperatures  were  recorded  at  5  m  intervals  between  20  and  7(1  m 
cverv  10  nun  from  15  to  24  Tcbruarv  1075. 
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Currents  were  measured  at  the  2d  m  depth  level  at  three  loeations  during  AM  I  I  \-75 
(Tki  mi>  and  Hi  ki.  IdSl).  The  data  used  here  are  Iron',  a  eurrent  meter  ileploved  near 
hum  7  which  was  anchored  at  ahout  2JC3N.K'.  I2.v27.27..  some  50  km  southeast  of 
buov  I.  Currents  in  this  vicinitv  tire  dominated  In  semidiurnal  tulal  components 
superimposed  upon  a  slow  drift  toward  the  northeast;  there  is  also  some  evidence  o! 
currents  with  diurnal  periods  in  the  rotarv  spectra  of  the  AM  1 1  X-75  current  data 
(Tki  vip  ami  Hi  k  i  .  )dSI ). 

Tightcen  STD  casts  (Salimtv .  Temperature.  Depth)  were  made  near  the  current  meter 
location  on  It'  to  IN  I  ebruarv  from  the  Japanese  R.V.  / nkaulnn;ku  Muni  II  I  liese  data 
are  published  ottlv  at  standard  depths  ami  ottlv  at  resolutions  ol  0.1  C  and  0.05".«, 
(Ninoviiv  v  and  N  vovi  \.  |b7b).  Among  the  INcasts.  the  temperature  difference  between 
2b  and  75  m  varies  from  0  to  0.7  C:  this  range  ol  vertical  tempeiature  differences  is 
consistent  with  the  range  ol  2b  to  7b  m  temperature  dilferences  we  obtained  with  our 
thermistor  chain  I  see  the  lower  cut  v  e  on  l  ie.  5 )  and  prov  ides  useful  corroboration  ol  the 
variabilitv  of  the  vertical  thermal  gradient  Reported  salmitv  values  are  too  crude  in 
resolution  to  vicld  iiselul  vertical  densitv  gravlients  except  at  depths  between  75  m  and 
the  bottom. 
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FREQUENCY,  CYCLES  PER  HOUR 


I  in  4  Frequency  times  spectral  densitv  \s  Irequenev  lor  the  di  lie  re  nee  between  the  tempera 
lures  at  ami  70  m  lor  AMI!  \-?>St.»  I  I  he  dominant  peak  is  h»r  the  senmlmmal  M.  tidal 
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(  iu  s  l  ppci  giuph  stick  <lugi.im  «>l  current  vliiwiion  .nul  speed  I  hose  d.itu  .ire  h;i1 1  -tioui  l\ 
lines  obtained  alter  the  raw  current  series  were  filtered  to  ieino\e  variance  at  periods  •  >  h 
Note  that  the  halt-hourK  vectors  have  been  rotated  so  th.it  a  vector  pointing  straight  up 
icprcscnts  a  current  in  the  direction  {northwest  In  west}.  I  he  sticks  point  in  the  direction  in 
which  the  current  is  flowing  I  ower  graph  low  pass  filtered  (3  h)  temperature  dillerence  between 
the  depths  ol  2t >  and  ~n  m  for  AM  I  I  Sta  I 


K 1  s t  |  is 

Figure  2  shows  tile  thermistor  chain  data  (tor  the  period  between  14  and  2(1  February) 
titter  it  was  filtered  with  a  low-pass  sy  metric  ttipcred-cosine  filter  to  remove  fluctuations 
at  periods  <  3  h.  I 'he  scmiiliurnal  tide  frequency  M:  is  immediately  apparent  and  o 
relatively  persistent. 

The  dominant  peak  in  the  spectrum  of  the  temperature  difference  between  depths  of 
2(1  and  7(1  m  occurs  at  (I. (IS  eph  which  is  the  semidiurnal  tide  frequency  (l  ie.  41. 

A  superposition  ot  the  A/  .,,  with  a  stick  chart  of  currents  oriented  to  At M I  that  were 
measured  at  the  current  meter  site  illustrates  well  that  the  times  of  occurrence  of 
minimum  values  ot  A'/.,,  coincide  with  the  times  when  the  currents  were  toward 
southeast  by  east  (vectors  pointing  straight  down  on  the  stick  chart,  as  shown  in  Fig  5 
with  dashed  lines).  The  squared  coherence  between  the  A series  and  the  current 
toward  1 20'  (southeast  by  east)  is  O  SS  with  a  significance  level  of  W\,  anil  a  phase 
separation  of  about  ISO  (175  ),  the  latter  an  expected  result  for  a  strong  negative 
correlation. 


DISH  SMdV 

It  is  clear  in  Fig.  5  that  the  current  structure  changes  considerably  at  about  noon  on  IS 
February.  A  progressive  vector  diagram  (PVT))  of  this  current  meter  record  (Tki  strand 
Bt  ki.  10X1:  see  Fig.  3.  CM7)  also  shows  that  from  14  to  IS  February  the  mean  How  was 
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5.3  cm  s  1  toward  40  (between  northnonheast  and  northeast).  1  lie  correlation  between 
A/:i,  -(,  minima  and  the  southeast  eurrent  direction  is  quite  strong  during  this  period. 

During  the  period  IS  to  21  February,  the  PVD  showed  both  weakened  rotate 
components  and  a  shift  of  mean  flow  to  the  east  by  south  ( 10(1  )  at  an  increased  mean 
speed  of  14.3  cm  s  The  AT:n  series  in  Fig  5  still  shows  a  correlation  between  its 
minima  and  eurrent  vectors  directed  to  the  southeast,  but  the  minima  are  less  intense, 
i.e.  do  not  reach  the  zero  values  after  noon  on  IS  and  lb  February  .  which  would  indicate 
that  vertical  mixing  did  not  reach  a  depth  of  70  m.  Tki  mi1  and  Hi  m  ( lb, SI )  suggest  that 
this  sustained  radical  shift  in  the  direction  of  the  mean  flow  beginning  on  IS  February  was 
due  to  a  meander  or  eddv  in  the  mean  flow. 

1101  C  I  K  l<  I  N  I  I  N  1)1  III)  SI  I  t  l>  I)  I  S  I  K  l  l  I  I  IIS  nl  \  |  KIM  VI 
II  M  I'l  Kill  III  (IK  \  I  >  I  I  si 

(liven  the  strong  average  horizontal  temperature  gradient  being  negative  to  the 
northwest  over  this  area  of  the  Fast  China  Sea  (Fig.  1).  the  presence  of  strong  rotate 
tidal  currents  over  this  shallow  sea  suggests  that  vertical  temperature  gradients  at  a  lived 
site  would  alternate  between  maxima  and  minima  due  to  vertical  shear  induced  In 
bottom  friction.  If  the  vertical  gradient  is  reduced  below  a  critical  level,  then  turbulent 
mixing  fed  by  the  shear  can  be  sufficient  to  mix  the  entire  column.  In  this  case  the  vertical 
temperature  gradient  will  tend  to  vanish,  as  in  Fig.  5.  during  periods  when  flow  is 
directed  to  the  southeast  The  conditions  for  such  a  vertical  mixing  process  are  enhanced 
if  the  tide  eurrent  rose  is  highly  elliptical  and  oriented  parallel  to  the  horizontal 
temperature  gradient  direction:  this  is  the  ease  tor  tide  currents  in  our  measurement  area 
(Fig.  7;  Tm aii> and  Bi  ki.  lbSl ). 

The  suggested  mechanism  is  illustrated  in  Fig  3.  (liven  an  initial  condition  ol  an 
isothermal,  isopycnal  water  column,  as  m  (a),  vertical  shear  induced  In  bottom  friction 
during  down-gradient  tlow  (to  the  northwest  in  the  Fast  China  Sea)  would  carry  warmer 
water  over  cooler,  deeper  water.  An  STD  cast  or  thermistor  chain  record  at  the  finish  of 
flood  tide  would  yield  the  stable  thermal  stratification  seen  in  our  records  (Fig.  2). 

During  the  reverse  flow  (to  the  southeast  in  the  l  ast  China  Sea),  the  condition  of 
isothermal  water  column  would  be  reinstated  I  Fig.  3b)  I  lowever.  if  the  reverse  southeast 
tlow  is  more  intense  than  the  down-gradient,  northwest  tlow.  then  the  condition  at  the 
finish  ol  reverse  flow  is  one  of  possible  negative  vertical  temperature  gradient  and  hence 
renewed  vertical  mixing  by  which  the  initial  condition  is  reinforced. 

Such  non-symmetry  does  exist  m  the  ellipt icily  of  current  roses  from  the  AMTFX-75 
eurrent  meter  records.  For  the  How  record  of  current  meter  Sta.  7  (Fig.  5).  the  eurrent 
rose  shown  in  Fig.  h  indicates  that  llow  m  the  southeast  direction  exceeds  the  northwest 
flow  by  about  20%.  I  hese  data  support  our  hvpothcsis  of  the  tidal  current-induced  setup 
and  destruction  of  vertical  temperature  gradient  in  the  mid-shell  area  of  the  Fast  China 
Sea. 

Our  current  meter  data  also  showed  evidence  of  occasional  strong  transient  eddies  or 
meanders  which  could  bring  about  changes  in  the  horizontal  temperature  gradient 
(  I  ut  Mr  and  Biki.  IbNI).  If  the  horizontal  temperature  gradient  was  temporarilv 
reversed,  then  the  relationship  between  vertical  temperature  gradients  and  tide  currents 
would  also  he  reversed.  A  study  of  the  water  surface  temperature  measured  In  the 
Japanese  ship  Kcifn  Mom  at  a  fixed  station  near  our  thcrmi'lor  chain  showed  a  surface 
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temperature  range  <  >1  ovci  4  (  during  I  lie  pci  lod  ihc  chain  vv  as  deployed.  Irom  a  plot  <>l 
all  ol  the  water  surlace  temperatures  meastireil  Irom  research  ships  anil  lis'iing  vessels 
during  AM  I  I  \.  we  t mil  the  general  trend  was  loi  temperature  to  decrease  to  the 
northwest  in  the  mannei  shown  m  fig  I  Ifowcvcr.  (here  were  times  when  the  horizontal 
gradient  was  reversed  due  to  transient  eddies  oi  meandeis  in  the  northeasterly  drill. 

V  I  l<  I  I  l  VI  sill  VII 

Was  the  current  sheai  between  the  depths  ol  2n  and  At  m  ot  sutlicient  magnitude  to 
produce  the  recorded  water  temperature  ihllerenees  at  those  depths'.’  Ideally .  one  should 
have  a  record  ol  the  currents  at  the  above  depths  during  the  time  petioil  when  the  watci 
temperatures  were  being  recorded,  I  nloitunately  no  such  record  exists 

Oceanographers  trom  the  I  niversitv  ol  lokvo  deploveil  two  current  meteis  dm  me 
AM  I  l:\-75  at  depths  ol  Si)  and  III.'  m  at  a  location  where  the  walei  depth  was  1  III  in 
Many  ol  the  (  I  I)  casts  that  were  made  within  the  ( )Sl  huov  aiiav  showed  a  change  tn 
the  water  type  at  depths  between  75  and  lint  m  I  he  near  bottom  watet  was  usuallv 
slightly  cooler  and  less  saline  than  the  watei  above  _s  m.  indicatin'.:  a  dittcrcnt  (low  and 
mixing  regime  neat  the  bottom  I  hits  the  l  mversitv  ol  I  okvo  cut  rent  meter  data  could 
not  be  used  to  make  a  reliable  estimate  ol  the  sheai  in  the  watet  column  above  a  depth  ot 
711  in. 

Oceanographers  Irom  lohoku  (  imcrsiii  (Sendai.  Japanl  mo. is  tiled  ciiilents  at  a 
location  northeast  ol  the  <  )S l  Iniov  airav .  in  watei  ol  about  the  same  depth  and  distance 
Irom  the  shell  break  (  I  <  ik i  l>  v  cl  <//  .  I')75  I  A  special  li  ip  was  made  to  Sendai  to  obtain 
their  data  and  discuss  oceanographic  conditions  with  the  group  that  had  made  the 
observations,  I  he  only  data  that  were  made  available  are  shown  in  I  ig  Ai  ligure  ”b 
shows  the  currents  at  depths  ol  2(1  and  411  m  with  the  same  scale  At  the  stait  ol  the 
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I  i g  '  Data  Horn  current  meter  mc.iMircmeiils  that  were  made  In  the  lohoku  L  rmcrsiu  on  25 
and  y*  Khruarv  during  AM  I  l.V'5  I  he  eutrenl  meters  were  deployed  .it  2d  50  2N.  12'  12  Si 
I  he  top  diagrams  slum  the  data  Irom  all  tour  current  meters  with  vertical  speed  scales  ollset  In 
lo  cm  s  :  (  he  bottom  graph  shows  the  currents  at  depths  ol  20  and  40  m  to  the  same  vertical 

(speed)  scale 

record  at  noon  on  26  February  the  current  speed  was  the  same  at  2d  and  4(1  m.  For  the 
rest  of  the  time  the  current  speed  at  2d  m  was  an  average  of  about  Id  cm  s  1  faster  than 
the  current  at  4d  m.  If  this  shear  is  extrapolated  down  to  70  m  the  difference  in  speed 
between  the  depths  of  2d  and  7(1  m  would  have  been  approximate!)  25  cm  s  In  half  a 
semidiurnal  tidal  cycle  (22356  s)  the  difference  in  the  movement  of  the  water  at  2d  and 
70  m  would  have  been  5.4  km.  The  average  horizontal  gradient  in  temperature  wash  (' 
in  6(1  nmi  or  0.06  km  If  the  shear  were  perpendicular  to  the  horizontal  temperature 
the  resulting  temperature  difference  between  the  water  at  the  two  depths  would  have 
been  0.35  C  after  half  a  semidiurnal  tidal  cycle.  This  is  the  right  order  of  magnitude  w  hen 
compared  to  the  vertical  temperature  gradients  found  in  the  thermistor  chain  data. 

<  ( I \ (  I  I  SKIVS 

In  the  Hast  China  Sea  in  the  vicinity  of  20N.  125  K.  in  waters  of  100  m  depth,  the 
water  column  appears  alternately  to  be  thermally  stratified  with  a  temperature  differ¬ 
ence.  between  depths  of  2d  and  70  m.  of  about  0.65  ('.  and  neutrally  stratified  with 
isothermal  structure  to  some  depth  below  a  depth  of  20  m  and  sometimes  to  depths 
below  a  depth  of  7(1  m.  The  phenomenon  is  unusual  in  that  it  occurs  some  200  km  from 
the  nearest  coast,  almost  200  km  from  the  shelf  break,  and  over  Hat  continental  shelf 


Temperature  gradients  in  the  F.asl  China  Sea 
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topography.  These  alternating  states  of  vertical  thermal  structure  occur  with  a  periodicity 
of  the  semidiurnal  tide.  12.4  h. 

The  phenomenon  occurs  in  an  area  of  strong  horizontal  thermal  gradient,  about  1C 
per  16  km.  oriented  from  southeast  to  northwest  and  approximately  perpendicular  to 
both  the  bathymetry  of  the  shelf  break  and  to  the  main  stream  of  the  kuroshio  current 
which  here  flows  southwest-northeast  along  the  slope  of  the  Okinawa  Trough  (Tig.  1 ). 
At  the  latitude  of  the  buoy  array  warm  high  salinity  water  flows  northeast  on  approxima¬ 
tely  the  outer  two  thirds  of  the  shelf  while  relatively  cold  low  salinity  water  flows 
southwestward  on  the  inside  of  the  shelf  (Fig.  8;  Niisio  and  Emi-ky.  1961).  Maximum 
mean  current  speeds  exceed  40  cm  s  1  (maximum  current  speeds  exceed  70  cm  s  '):  in 
terms  of  percent  water  movement  within  10°  sectors,  the  rose  shows  that  southeast 
movement  exceeds  northwest  movement  by  some  20%. 

The  combination  of  strong  cross-shelf  semidiurnal  tide  currents  and  strong  cross-shelf 
horizontal  thermal  gradient  suggests  a  vertical  mixing  mechanism  induced  bv  differential 
How  speeds.  The  mechanism  creates  an  overflow  of  warm  water  during  the  onshclf 
portion  of  the  title  cycle:  vertical  sensing  of  the  temperature  field  during  this  phase  vields 
a  thermally  stratified  water  column.  During  the  more  intense  offshelf  How  phase  of  the 
tide,  cold  surface  shelf  water  overflows  warmer,  deeper  water,  creating  the  vertical 
instability  and  subsequent  vertical  mixing:  temperature  profiles  taken  during  this  phase 
show  isothermal  conditions  to  the  bottom  or  near  bottom.  The  mechanism  is  consistent 
with  our  thermistor  chain  data,  the  S  I'D  profiles  taken  in  the  vicinity,  the  local  tide 
current  ellipse,  and  the  mean  circulation  over  the  East  China  Sea. 

"The  occurrence  of  tide  current-induced  vertical  mixing  nearly  to  the  bottom  in  100  m 
depth  shallow  seas  has  important  implications: 

1.  Studies  of  shelf  or  shallow  seas  must  be  carefully  planned  to  avoid  placing  reliance 
upon  serial,  single  sampling  along  cruise  tracks.  The  alternating  states  of  thermal 
stratification  and  vertical  mixing  in  our  data  render  implausible  the  construction  of 
self-consistent  area  charts  of  phvsieal  parameters  measured  in  serial  profiles  durirm 
AMTEX-75. 

2.  Biological  studies,  particularly  of  planktonic  forms,  chlorophyll  distribution  or 
species  diversity,  are  likely  to  be  impacted  by  the  alternating  mixing  conditions.  For 
example,  vertical  mixing  is  thought  to  be  an  essential  element  in  the  transfer  of  resting 
spores  of  some  phytoplankton  from  the  bottom  up  to  the  photic  zone. 

7.  Periodic,  tide-induced  vertical  mixing  events  of  the  type  reported  here  may  be  a 
significant  mechanism  lor  the  dissipation  ot  kinetic  cncrgv  in  eddies  associated  with 
along-slopc  currents  often  found  at  shelf  breaks,  as  well  as  lor  cross-shell  mixing  of  w  ater 
parameters.  There  is  a  net  tlux  of  cold  water  in  an  offshore  direction  in  the  area  of  the 
buoy  array . 

4.  Air-sea  interaction  is  also  impacted.  In  our  data,  the  tide-induced  vertical  mixing 
events  preceded  the  most  intense  cold  air  outbreak  over  the  East  China  Sea  during 
AMTEX-75.  and  thus  set  up  conditions  for  more  rapid  and  deeper  modification  ot  the 
water  column  as  a  consequence  of  intense  surface  heat  and  vapor  lluxes  during  the 
outbreak. 
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ABSTRACT 

l)e  Szoeke.  R  A  .  14X6  On  the  nonlinear  evolution  of  barochnie  instability  over  topography. 

Dvn  Atmos  Oceans.  10:  221  241 

A  theorv  is  presented  for  the  nonlinear  evolution  of  fluctuations  in  a  zonal  baroclinic 
shear  flow  over  topographs  on  a  /{-plane.  It  extends  an  earlier  linearized  theory  on  the  same 
suhiect.  which  showed  that  unstable  growth  was  possible  for  hybrid  modes  made  up  of  a  pair 
of  pruturv  modes  with  the  same  frequenev  but  different  wavenumbers,  each  stable  in  the 
absence  of  topography,  but  made  unstable  by  topography  with  wavenumber  that  bridges  the 
wavenumber  gap  between  the  primary  modes.  The  slow  evolution  of  the  amplitudes  of  the 
hvbrid  modes  can  be  expressed  quite  generally  in  terms  of  elliptic  functions  that  fluctuate 
regularlv  between  maximum  and  minimum  values  determined  in  a  complicated  way  bv  initial 
amplitudes  and  parameters  characterizing  the  prunarv  modes  Lor  small  initial  amplitudes, 
the  evolution  can  be  described  in  terms  of  even  simpler  functions,  i  c  .  trains  of  hyperbolic-se¬ 
cant  pulses  that  recur  with  a  period  that  depends  on  the  logarithm  of  (the  inverse  of)  the 
initial  amplitude. 

Maximum  fluctuation  velocities  comparable  it',  or  even  larger  than,  mean  flow  velocities 
can  be  achieved  for  disturbances  of  the  scale  of  the  internal  deformation  radius  (typically  5(1 
km  in  the  oceans.  1000  km  in  the  atmosphere),  lopographv  variations  10'V  of  total  fluid 
depth,  and  parameters  typical  of  oceans  and  atmosphere. 


1  INTRODUCTION 

The  effects  of  topography  on  steady  and  transient  motions  in  rotating 
flows  have  been  a  subject  of  study  for  over  60  years,  dating  from  Taylor's 
( 1023)  classic  experiment  showing  the  attachment  of  columns  of  water  to  an 
obstacle  towed  across  a  rotating  tank.  The  presence  of  topography  on  a  1 1 
scales  and  the  adjustment  of  flow  to  avoid  it  is  a  patent  physical  feature  of 
the  ocean  and  atmosphere.  Both  atmosphere  and  ocean  are  warmed  near  the 
equator  and  cooled  near  the  poles  (though  in  different  ways).  The  resulting 
nonuniformity  of  temperature  (density)  on  level  surfaces  suggests  the  possi- 
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hilitv  of  a  gravitational  instability  it  light  and  dense  water  parcels  on  a  level 
surface  are  interchanged.  Hide  and  Mason  (1975)  called  such  a  process 
'sloping  convection*,  hut  the  older  term  is  haroclimc  instability,  coined  h\ 
Chantey  (1947)  for  a  mechanism  discovered  h\  him  and  l  ads  (1949).  The 
mechanism  is  governed  by  the  balance  of  potential  vorticity  in  transient 
motions,  a  balance  which  can  be  subtly  affected  bv  the  vortex  stretching  due 
to  topography.  The  effects  of  constant-slope  bottom  topography  on  ha roc - 
lime  instability  were  studied  bv  Blumsack  and  (iierasch  (1972).  De  S/oeke 
(1975)  considered  the  effects  of  cross-stream  topography,  consisting  of 
constant  slope  plus  sinusoidal  components,  on  baroclinic  instability.  He 
found  that  certain  kinds  of  hybrid  instability  could  be  set  up  hv  combining 
plane-wave  modes  of  the  same  frequency  but  different  wavenumber,  where 
the  wavenumber  difference  is  bridged  bv  a  I  ouricr  component  of  the 
bottom  topographs .  I)e  S/oeke  (1983)  was  able  to  extend  this  result  to  vvnvv 
topography  of  arbitrary  orientation 

These  theories  have  all  been  linear.  Ibex  produce  estimates  of  growth 
rates  valid  for  fluctuating  disturbances  that  are  initially  small.  Pedloskv 
(1970)  and  Dra/in  (1970)  developed  theories  for  the  nonlinear  development 
of  such  disturbances  to  finite  amplitude,  though  their  theories  depend  on  the 
basic  shear  flow  being  onlx  marginallv  supercritical  with  respect  to  baroc¬ 
linic  instahililv.  t  liarnev  and  Devore  <I9'79|  and  Hart  i!974)  considered 
barotropic  flows  being  modified  bv  having  to  give  up  energy  to  resonant 
stalionarv  fluctuations  through  form  drag  associated  with  topography:  they 
term  this  mechanism  'form  drag  msiabihtv'  Charney  and  Straus  i  198(1) 
extended  the  analvsis  to  baroclinic  flow  tin  two  lasers)  I  hese  studies 
identilv  the  form  drag  mstabilitv  as  the  mechanism  for  transition  between 
multiple  equilibrium  states  1  he  form  drag  mstabilitv  o  different  in  nature 
from  the  topographically  modified  baroclinic  mstabilitv  of  de  S/oeke  1 1983). 

In  this  paper  we  develop  a  nonlinear  version  < >1  de  S/oeke's  (1983) 
mstabilitv  theorv.  I  lie  method  ot  an.dssis  is  similar  to  Pedlosky’s  |1970. 
1979)  nonlinear  treatment  m  'pir.t.  although  the  details  are  cjni te  different. 
We  represent  the  baroclinic  structure  ot  the  atmosphere  or  oceans  m  the 
time-honored  simplest  possible  wav.  with  two  immiscible  Livers.  We  write 
down  (in  section  2)  the  quasigeostroplnc  potential  vorticilv  equations  for 
those  lasers,  and  represent  the  flow  solutions  as  a  sum  of  mean  zonal  flow 
and  perturbation,  the  latter  consisting  of  a  sum  of  two  neulrallv  stable 
modes  of  the  same  (requeues,  but  different  wavenumbers,  that  are  solutions 
of  the  linearized  problem  without  topographs  Allowing  for  the  development 
of  mode  amplitudes  on  a  long  time-scale,  we  iterate  the  solution  to  take- 
account  of  the  effects  of  topographs  and  nonlinear  avlvection.  In  this  way  we 
obtain  a  set  of  coupled  nonlinear  ordmarv  differential  equations  with 
respect  to  the  long  time  variable  for  the  complex  mode  amplitudes.  I  he 


interesting  case  is  when  topographs  possesses  a  Fourier  component  bridging 
the  wavenumber  gap  between  the  two  modes.  In  section  3  we  discuss  the 
solution  of  these  equations.  We  find  the  existence  of  two  exact  invariants  or 
integrals  of  the  motion:  this  simplifies  the  mathematical  problem  to  a  single 
equation  for  a  mode  amplitude-squared,  the  solution  to  which  can  be  written 
in  terms  of  elliptic  functions.  Although  this  sounds  very  like  the  outcome  of 
Pedloskx's  (1970)  theory  and  there  are.  in  fact,  subtle  correspondences,  the 
situation  is  quite  different. 

The  expression  of  the  general  solution  in  terms  of  elliptic  functions  is  a 
bit  opaque.  Instead,  some  approximations  are  exploited  to  give  solutions  in 
terms  of  simple  functions  (section  4).  The  solutions  for  the  mode  amplitudes 
have  the  form  of  repetitive  vacillations.  When  the  initial  mode  amplitudes 
are  small,  a  maximum  mode  amplitude  is  predicted  which  depends  on  the 
wavenumbers  and  frequency  of  the  mode,  and  the  topography  amplitude, 
but  is  otherwise  independent  of  the  initial  conditions.  Tvpical  amplitudes 
that  might  be  achieved  in  atmosphere  or  ocean  are  computed  and  discussed 
in  section  5. 
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The  quasigeostrophic  equations  of  motion  governing  the  behavior  of 
potential  vorticity  in  two  layers  of  equal  undisturbed  depth  //,  and  differing 
density  on  a  rotating  /i-plane  are  (Pedlosky.  1979.  p.  393) 

1  <*.  +  ./( yl„.*) )  {  +  (  -  1  )’>„  :(  v  i  -  ^ : )  +  fly  +  ]  =  0  (#1=1.2 

(2.1) 

where  y„  are  the  streamfunctions  in  the  two  layers,  velocities  are  given  by 

=  5  X  Vyf „  (2.2) 


and 


r»  =  ( ,gA pHx/pJ: )‘ 


(2.3) 


is  the  Rossby  radius  of  deformation.  The  effect  of  topographic  vortex 
stretching  is  taken  into  account  through  the  term 


'In  = 


A 

", 


(2.4) 


in  the  lower  layer  potential  vorticity.  where  /t„(  v.  y)  is  topographic  eleva¬ 
tion  of  the  bottom. 


Consider  motion  consisting  of  a  steads  zonal  floss  in  the  upper  laser  ssith 
a  superimposed  perturbation 

y  +  t.,  (2.5) 

Seale  the  sariables  in  the  equations  according  to 

(  a.  v ■)  =  /•„(  v'.  »■')./= — /'  (2.6a.b| 

ir 

L  \  =  i  rL  {.  .  fi  =  r„  :L\.P'  (2.6h.c.d) 

A/i 

'In  =  /i,TTflB  <2. be) 

where  A/i  is  a  scale  f or  topographic  relief.  (In  (2.6b)  we  could  set  L  —  1. 
Hosvever.  it  is  instructive  to  carry  the  symbol  through  the  analysis  as  a  place 
marker  for  the  mean  floss.)  Substitute  into  (2.1).  Alter  dropping  primes  on 


the  scaled  variables,  this  gives 

( (I,  +  i  \<.\  )</,  +  (  (i  +  i]  )v^,  v  =  -  ^  .  r/i  )  (2.7a ) 

+  (0-  =  -./(yG.  q,  +  £»/„>  (2.7b) 

w  here 

q„  =  V:^„  +  (  -1)"(^I  -  ^:)  ( 2.S ) 

and 

e  =  (A/i/7/,  )/(L\./f,rJ  (2.4) 


is  the  ratio  of  topographic  aspect  to  Rosshs  number. 

Neglect  of  the  nonlinear  and  topographic  terms  on  the  right  of  (2.7)  gives 
a  system  of  equations  that  permit  plane-wave  solutions  which  can  be 
baroclinically  unstable  under  circumstances  discussed  by  Pedlosks  (1474). 
The  effect  of  various  kinds  of  topographs  has  been  considered  bs  mans 
authors.  Blumsaek  and  Gierasch  (1472)  considered  uniform  linear  slope:  de 
S/.oeke  (1475)  considered  uniform  linear  slope  plus  sinusoidal  cross-stream 
components.  De  Szoeke  (1483)  studied  the  effect  of  arbitrary  topographs, 
considered  as  a  sum  of  Fourier  wavenumber  components,  on  linearized 
baroclinic  instability.  Pedlosks  <  1470.  1474)  and  Drazin  (1470)  examined  the 
nonlinear  equilibration  of  grossing  baroclinic  oscillations  near  marginal 
stability  by  taking  account  of  the  nonlinear  terms  on  the  right  of  (2.7). 
Lorenz's  (1463)  model  of  atmospheric  circulation  consists  of  a  set  of 
equations  obtained  by  representing  \f.n  by  a  Fourier  series  of  spatial  compo¬ 
nents  truncated  after  a  relatively  small  number  of  terms.  This  model 
includes  simple  oscillators  topography  representing  the  global  structure  of 


i he  continents.  and  is  driven  b\  an  idealization  of  the  meridional  heating 
distribution.  Chatties  and  Straus  (19X0)  used  a  form  of  Lorenz's  (1963i 
model  to  produce  a  theory  of  multiple  equilibria,  involving  nonlinear  inter¬ 
actions  between  floss  components  and  topographs,  to  explain  the  phenom¬ 
enon  of  atmospheric  blocking. 

In  this  paper,  sse  consider  the  nonlinear  equilibrations  of  the  kinds  of 
topographic  haroclinic  instability  discovered  by  de  S/oeke  (19X3).  I  Ins 
earlier  ssork  considered  topographs  as  an  extension  of  Lady's  (1949)  con¬ 
tinuous  model  ssith  linear  shear  and  linear  stratification,  but  no  fi-c fleet.  We 
base  chosen  to  ssork  ssith  the  lavered  model  because  it  is  not  essentially 
simpler  than  badv's  model,  svhile  the  inclusion  of  ellects  of  b.arlh's  cursa- 
ture  (^-effect)  is  quite  easy.  Both  the  Lady  and  layered  models  filter 
critical-laser  instabilities  and  furnish  short-wave  cutoffs  for  the  haroclinic 
instabilities.  On  the  other  hand,  models  like  (.'hartley's  (1947).  ssith  continu¬ 
ous  shear  and  nonzero  meridional  potential  vorticity  gradient,  permit  insta¬ 
bilities  at  almost  all  svaselengths. 

2.1.  The  linear  solar  ion 

Bs  neglecting  topography  and  nonlinear  effects  in  (2.7).  plane-ssase 
solutions  of  the  form 

V„  =  a exp!  ik.  x  -  net  ]  (2.10) 

may  he  found.  These  must  satisfy 

a ,  co  —  k  L  ,  <o  I  k  ~  -  1 )  +  A  ( /I  -  L  , ) 

-  = - : - ,  ------  -  =  ■  - - - L  ^  ^  ( A  > 

a  ,  ( co  -  A  ,  I  |  )  (  A  -  +  1 )  k  i  (  /I  +  i  .  )  co 

(2.11  ) 

The  second  of  these  equalities  gises  a  dispersion  relation  whose  solution  is 

CO  fHk:  +  1)  \/l'  +  l\:k*\  1  4  A4  1)1'  : 

--  =  1/2  i\  ±  ,  .  '  < (A- ) 

A,  A  ( A  +  2)  A  (A-  +  2) 

(2.12) 

Fair  |  fi/L\  |  <  1.  unstable  solutions  (i.e..  complex  co  ssith  Ini  co  >0)  are 
possible  in  the  wavenumber  range  given  by 

[l  :<A4<2+  2( I  -  ( ft,  (,)■']'  ’ 
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Fig.  1.  Constant-frequency  lines  on  the  wavenumber  plane  for  ft/C,  =  2.  Solid  lines  denote 
AX)  [eq.  2.32] ;  dashed.  A  <  0. 


This  is  the  range  of  classical  baroclinic  instability,  discussed  fully  b\ 
Pedloskv  (1979).  Of  more  interest  for  our  present  purposes  are  the  wave- 
number  ranges  of  neutral  stability  ( hn  w  =  0).  Figures  1  5  show  loci  of 
constant  (real)  ce  on  the  wavenumber  plane  for  fi/L\  =  2.  0.9.  0.  -0.5.  -2. 
respectively.  For  large  wavenumber,  k  -*  zc.  phase  speed  c  tends  to  1  or  0. 
while  the  amplitude  ratio  fi  tends  to  yz  or  0.  respectively.  The  former 
corresponds  to  waves  confined  to  and  advected  by  the  upper  layer,  while  the 
latter  corresponds  to  waves  in  the  lower  layer.  For  this  reason,  de  Szoeke 
(1983)  termed  the  two  branches  of  the  F.ady  model  the  ‘top-intensified 
mode’  and  the  ‘bottom-intensified  mode'.  These  are  the  only  branches  that 
occur  for  /?  =  0  (Fig.  3).  However,  for  (i  =*  0  the  terminology  is  inadequate  or 


misleading.  For  |  fi/L\  |  <  1.  /}*=()  (Figs.  2  and  4).  there  is  another  pair  of 
stable  branches  at  wavenumbers  below  the  classical  instability  range.  For 
\fi/L\  |  >  1.  (Figs.  1  and  5).  these  branches  are  continuous  with  the  high 
frequency  branches.  In  either  event,  towards  low  wavenumber  (2.12)  can  be 
approximated  bv 
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These  correspond  to  the  baroclinic  and  barotropic  Rossbx  wave  modes. 


0  02 
0  05 


ri*.  l  ike  I’ig.  1.  cwopi  /V  l 


respectively.  Doppler-shitted  by  the  mean  speed  of  the  entire  water  column 
1  2  l\.  The  respective  amplitude  ratios  are  1  and  *  1. 

2.2.  The  nonlinear  solution 

Suppose  topography  i/lt  contains  components  like 
//,  e\p(  ik  .  •  \  )  -  e.e.  (2.13| 

where  'e.e.'  denotes  the  complex  conjugate  of  what  precedes  it.  We  seek  an 
approximate  solution  to  (2.7).  including  nonlinear  and  topographic  effects, 
of  the  form 

si =  Y.  •-!,,(  <)a„r  exp  j  ikr  -  y  —  iu'rt  [  +  c.c.  +  higher-order  terms.  (2.14) 

r  t 

We  take  the  first  two  components  of  this  form  to  be  primarv  linear  modes  at 
the  same  basic  frequence  so  that 

tc  |  =  tc ,  =  A \  i c  (  A  f )  =  A y  .<•  (  A  ; )  (2.15) 

(subscripts  on  the  frequency  will  hereafter  he  dropped),  and 
a =  '•  “\r  =  =  MU,, )  for  p=  1.2 


(2.1b) 


22l> 


I  ho  time-dependence  of  the  amplitude  !,.(/)  is  implicitly  assumed  to  he 
slow  compared  to  the  primarx  frequence  tc.  The  third  mode  we  take  to  he  an 
approximate^  steadx  correction  i  u':  =  < ))  to  the  first  two.  generated  h\  their 
nonlinear  and  topographic  interaction  at  the  difference  wavenumber  A  .  ~  A, 
A  ..  Its  amplitude  max  he  readilx  calculated  hv  balancing  coefficients  of 
expt  /A  ..  •  \  I  in  (  2.7 t.  This  goes 

1,1/1  -  /k*u-  1  l:i  / 1 .■!?(/ )  (2.17) 

with 

</ . .  1  .  </| —  o: 


(2.18) 
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where 


n  1  = 


(A,  -  a  ,  r  - 


x'  *  —  2  ■  A|  x  A  , 


P 


Wft|  /< -(  /?/4  ,  +  1  ) 

( w  —  A  ,  |A  j )( to  —  A  ,_>!,) 


(2.20) 


The  development  in  time  of  the  primary  mode  amplitudes  needs  to  he 
ealeulated.  To  see  how  this  must  he  done,  we  observe  that  substitution  of 
(2.14)  into  (2.7)  leaves  unbalanced  terms  of  the  form  C,  e\p{  ikp  ■  v  -  iuit ). 
p  =  1.  2.  Because  they  are  eigenfunctions  of  the  linear  operator  contained 
within  (2.7).  these  terms  would  tend  to  generate  secular  resonant  contribu- 
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lions  among  the  higher-order  terms.  As  this  is  unacceptable,  the  time- 
development  of  the  primary  modes  T,<r).  A  An  is  allowed  to  adjust  so  that 
no  higher-order  resonances  occur.  This  is  done  by  making  the  unbalanced 
terms,  put  in  a  form  compatible  with  the  self-adjoint  version  of  the  linear 
operator  in  (2.7).  orthogonal  to  the  linear  solutions  (Kevorkian  and  C  ole. 
1981).  This  gives  two  solvability  conditions.  n(jc  -  kt,,L  I  -+  w  ,;i 
=  0.  for  p  =  1.  2.  Now  the  C  contain  three  types  of  terms:  1 1 )  terms  of  the 
form  A  ( t).  from  the  slow  development  of  the  primary  modes.  (2)  terms  of 
the  form  r]iA[,.  from  the  interaction  of  the  primary  modes  with  topography: 
and  (3)  terms  like  |  .4  |  :Ar.  from  the  nonlinear  interaction.  The  coefficients 
in  these  terms  can  he  readily,  if  laboriously,  computed.  The  soKahilits 
conditions  mav  be  finallv  written 


A ( .T j  +  ik;, A, )  A: )  :.-l,  +  ck ,V;  A:  =  0 
A :A:  +  A,  |  :A:  +  (Kti ),A.  =  0 

The  coefficients  are 


(2.21a) 

(2.21b) 


-f  (  k ,  —  k  .  |  1  I  —  (  k  |  —  k  •  ) 


jt,jt:(  /i  +  i  ,  I  u-  /*  ~  t 


d(7„  dv 

A  ^AlA-^u'A,  £ - T  i a  ’li  ' 

(«**  k  ,/;,)• 

[  (u.-  -  ,  i- 

where  d  (7,,/dr  =  /?  +  (-  1 )"  is  the  background  potential  vorticity 
gradient  in  each  layer. 

Equations  (2.21).  with  their  initial  conditions,  describe  the  nonlinear 
development  of  the  mode  amplitudes  ,  interacting  with  topography  at  the 
bridging  wavenumber  A  ,  =  A ,  —  A  , .  Neglecting  topography  <tj,  =  0)  and 
nonlinear  terms,  we  must  have  either  A„  =  ()  or  .!„(/)  =  0  for  each  mode. 
The  former  is  the  well-known  C  harney  Stern  criterion  for  haroclinie  insta¬ 
bility. 

By  neglecting  the  nonlinear  terms  in  (2.21).  we  obtain  equations  whose 
solutions  can  be  easilv  written  down 


AJr)  =  Aii(0)  en' 


(2.24a) 
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where 

■4,/A:  =  -ck,tj,/\,o  (2.24b) 

<7 2  =  —  k '*  1  € ij ;  |  ~/A | X 2  (2.24c) 

The  amplitudes  grow  if 

A ,  A  ,  <  0  (2.25) 

This  result  should  he  compared  with  de  S/.ocke's  (14X2).  who  established  the 
condition  A,A,  <0.  for  the  F.adv  model  over  topography.  (Note  that  with 
ft  =  0.  as  in  the  Eady  model.  Ay,.  A  must  have  the  same  sign.)  The  sign  of 
function  A(A:)  is  shown  in  Figs.  1  5  for  the  various  values  of  ft/L\  b\ 
drawing  constant-frequency  curves  corresponding  to  positive  A  solid,  and 
those  with  negative  A  dashed.  Modes  with  wavenumbers  A,.  A,,  at  the  same 
frequency  «.  can  be  selected  from  inspection  of  diagrams  like  Figs.  1  5  for 
the  appropriate  value  of  P/L\.  For  ‘instability'  one  of  the  modes  must 
correspond  to  a  solid  curve,  the  other  to  a  dashed  curve,  and  topographs 
with  some  amplitude  rj .  at  the  bridging  wavenumber  A, -A,  must  be 
present.  For  example,  for  p  =  0  ( Fig.  3)  one  of  the  modes  must  belong  to  the 
upper  (solid)  branch  of  the  dispersion  relation,  the  other  to  the  lower 
(dashed)  branch.  In  general,  two  branches  which  meet  at  a  marginalK 
neutral  wavenumber  hav  e  A  of  opposite  sign,  and  eastward  ( «./A ,  >  0)  and 
westward  ( u/k  v  <  0)  propagating  modes  on  any  branch  change  sign  of  A  as 
w  Av  changes  sign  (e.g..  Figs.  1  and  2).  Note,  however,  that  A  -» 0  as  a 
marginally  neutral  wavenumber  is  approached,  while  A  approaches  +  x  or 
-  x  as  a  point  at  which  te/Ay  =  0  is  neared.  For  ft/l\  <  0.  no  westward 
propagating  modes  are  permitted.  For  ft/L\  <  -  I.  no  classical  baroclimc 
instability  is  possible,  hence  A  cannot  change  sign  (e.g..  Fig.  5).  .so  topo¬ 
graphic  instability  is  also  impossible.  For  ft/L\  >  1.  despite  the  impossibilitv 
o!  classical  instability,  because  both  westward  and  eastward  modes  are 
possible  ( Fig.  1).  topographic  instability  is  possible. 

Further  nonlinear  and  topographic  interaction  will  produce  higher 
harmonics  and  hybrids  of  the  primary  modes.  As  long  as  these  harmonics 
are  not  near  resonance,  they  will  produce  quite  ordinarv  higher-order 
corrections  in  (2.14).  Although  these  corrections  will  be  successivelv  smaller 
if  it  is  assumed  that  amplitudes  or  topography  (measured  bv  the  parameter 
t)  are  small,  it  is  not  necessary  to  make  such  an  assumption.  In  general,  a 
finite  radius  of  convergence  for  t  or  amplitude  may  he  expected.  Indeed,  we 
shall  see  below  that  for  realistic  parameters  in  nature  e  is  of  order  one. 

.V  t.XAC  T  SOLUTIONS 

We  now  attempt  to  solve  eqs.  2.21.  which,  because  .1,.  I,  are  complex, 
constitute  a  set  of  fourth-order  coupled  nonlinear  differential  equations. 


Because  we  are  able  to  derive  two  exact  integrals  of  the  motion,  this  order 
can  be  reduced  by  two.  Of  the  resulting  two  first-order  equations,  one 
decouples  from  the  other  and  its  solutions  are  elliptic  integrals. 

Without  loss  of  generality,  take  rj,  to  be  real.  If  it  is  not.  i.e..  i ],  =  |  tj,  | e'6'. 
then  simply  replace  Av  A2  in  (2.21)  by 

.4,  =  .4,  e  ’.  ,f\  =  A:  e'"  : 

It  is  convenient  to  rescale  time  and  the  amplitudes  by 


(  -  A,  A  , ) 


t  = 


A ,  = 


7]< 

I  2 

A, 

K*  -A| 

i  : 

A, 

K*  A  i 

a: 


a: 


(3.1a) 


(3.1b) 


(3.1c) 


Suppose,  without  loss  of  generality,  that  the  signs  of  A,  and  A,  are. 
respectively,  positive  and  negative.  Then  eqs.  2.21  become  (dropping  primes) 

3,4,  +.4,  +  'M;lH  =<>  (3.2a) 

3, .4,  +  A ,  -  id\  .4,  |:.4,  =  0  (3.2b) 

where  cl  =  A,/A,.  Multiplying  (3.2a)  by  ,4f.  its  complex  conjugate  by  Ax. 
and  adding,  we  get 


it,  |.  4,  |  -’+.4*4,  +  4,4?  =0 
A  similar  process  applied  to  (3.2b)  gives 
3,|  A:  | :  +  .4,.4t  +  A* A,  =0 
Hence,  subtracting  and  integrating. 
Mil’  -  = 


(3.3a) 


(3.3b) 


(3.4) 


where  t',,  is  a  constant.  This  is  the  first  integral  of  the  motion.  Topography 
does  not  explicitly  appear  in  this  constraint.  Indeed  the  terms  Ar4*  +  /I *4; 
in  |3.3a.b).  which  descend  from  the  topography  terms  in  (2.21)  or  (3.2), 
cancel  upon  subtraction.  Without  topography  these  terms  are  identically 
zero  in  (3.3a.b)  before  the  re-scaling  (3.1).  This  appears  to  lead  to  the 
uninteresting  result  3,  Mi  1 :  =  (A  but  the  other  possibility  is  that  the  coeffi¬ 
cient  A,  =0:  this  is  in  fact  the  Charney  Stern  criterion.  Hence  (3.4)  should 
be  thought  of  as  a  generalization  of  this  criterion. 


Next,  observe  that 

a,  (- 4fAz  -.-M?)  =-<(  M,  | J  +  JM,  | -)(/!*/<, +  (3.5) 

by  using  (3.2).  Substituting  for  (A*A:  +  A,A*)  from  (3.3a.b).  eq.  3.5  can  be 
integrated 

1/2  \A:\A-  1/2  d\Ax\*  =  2ft  (3.6) 

where  /',  is  a  constant.  This  is  the  second  integral  of  the  motion.  While  (3.4) 
is  a  fundamental  result  for  baroclinie  systems,  with  links  to  related  physical 
systems.  (3.6)  is  not  so  general  a  result,  and  appears  to  be  a  consequence  of 
the  truncation  of  the  two-component  physical  system  under  consideration. 
Hence,  the  simplifications  that  follow  in  its  train  can  probably  not  be 
achieved  in  more  complicated  systems,  and  must  be  treated  with  caution. 
Setting 

A^Ke"'  .  .4,  =  (/?--  -  e'“--  (3.7) 

(3.6)  becomes 

/?(  R:  -  ?„)'  sin ( tv,  —  o . )  —  1/4(/?; 1/4  dR4  =  ft  (3.8) 

Using  this  to  eliminate  (a,  -  a,)  from  (3.3a).  we  obtain 

d,R:=  ±{/4(K:)}‘  :  (3.9) 

where 

f,(R:)  =  4R:(R'-  -ej  -  ;2/i,+  l/2(  -  t*„ ):  +  1/2  clRA  J‘  (3.10) 

is  a  quartic  polynomial  in  R2. 

The  general  solution  of  (3.9)  can  be  written  in  terms  of  elliptic  integrals 
(Abramowitz  and  Stegun.  1964).  Since  (he  coefficient  of  R s  in  /4 ( R1)  is 
certainly  negative,  the  quartic  must  behave  as  shown  schematically  in  Fig.  6. 
Note  that  the  negative  side  of  the  abscissa  is  forbidden.  The  zeros  of  the 
polynomial  are  at  a,.  a:.  a </4  (not  necessarily  all  real).  The  solution  of 
(3.9)  must  be  a  limit  cycle  as  shown  on  the  phase  diagram  in  Fig.  7. 
oscillating  within  a  positive  range  of  /4(  R2).  The  phase  diagram  is  symmet¬ 
ric  to  reflection  in  the  R2- axis:  this  is  the  significance  of  the  sign  ambiguity 
in  (3.9).  Any  limit  cycle  on  the  negative  side  of  .he  /? --axis  is  clearly 
forbidden.  A  little  thought  establishes  that  the  initial  amplitude-squared  R2 
must  lie  between  two  zeros  of  /4(  R2 )  in  such  a  way  that  /4(  R2, )  >  0. 

With  the  amplitude  R  determined,  the  phase  difference  («,  -  «,)  between 
the  modes  can  then  be  obtained  from  the  second  motion  integral  (3.7).  It 
remains  to  determine  the  absolute  phases.  This  is  done  by  substituting  (3.7) 
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Fig.  (i  Schematic  of  the  polynomial  /4(  R  1  showing  zeros  at  </, .  a  -.  a  a 4 


Fig.  7,  Schematic  of  the  phase  diagram  of  eq.  3  d  showing  a  limit  cycle  between  two  zeros  of 

Ukr'-y 


into  (3.2a.b).  dividing  by  Rt.  R ,.  respectively,  and  adding  the  resulting 
equations 

sin( 

<V«,  +n.)  + - ~  +  R(  1  -  «/ ) -c„  =  ()  (3.11) 

*(  -  c„  )  * 

Kquation  (3.8)  may  be  used  to  eliminate  sin( «,  -  a,)  in  favor  of  R' .  Hence, 
once  R:(t )  is  known  from  the  solution  of  (3.9).  this  equation  can  be  solved 
by  standard  methods  of  quadrature. 

4.  SOMF  APPROXIMATF.  SOI  l  TIONS 

Although  the  solution  of  (3.9)  can  be  formally  rendered  in  terms  of 
elliptic  integrals,  various  approximations  can  be  exploited  to  give  useful 
insight. 

4.1.  Small  initial  amplitudes 

Suppose  that  the  initial  amplitudes  of  a  distu: bance  are  small 
I  zl,(0)  |  ’.  |  .-!  ,<())  | :«  1 


A 


then,  from  the  motion  integrals  (3.4).  (3.6).  it  follows  that  e(l.  f(l  are  small. 
From  (3.10).  the  polynomial  fA(Rz)  has  two  positive  zeros.  These  are 
approximately  /?;  =  4/(l+J)  and  =  1/2  e0  +  (1.4  +fj)1  ,z.  the 

former  being  order-unity,  the  latter  small.  By  approximating  /4(  R2 )  ap¬ 
propriately  in  the  vicinity  of  either  of  these  zeros.  (3.9)  can  be  solved 
approximately.  This  gives 

R:  =  1  2  <•„  +  (  Rz  -  1  2  («„ )  cosh  2 (/-/,) 

where  r,  is  a  time  when  R:  -  R[.  while 

R:  =  R\  sech  2(  r  -  t: ) 

where  /,  is  a  time  when  R  ~  R ' 

F.ach  of  these  is  symmetric  about  t  =  /,  or  r,.  respectively.  Bv  choosing 
appropriately,  the  two  forms  can  be  made  to  overlap,  and  a  uniformly 
valid  solution  may  be  constructed.  This  matching  procedure  gives 

P  =  2(r: -/,)  =  ln{4A!;/(Kf-  1/2  ej]  (4.3) 

for  the  period  of  a  complete  vacillation  cycle  of  the  amplitude  envelope 
R{i).  Since  the  argument  of  the  logarithm  in  (4.3)  is  large,  this  period  is 
large  (though  only  weakly!).  The  solutions  (4.1).  (4.2)  recur  indefinitely  with 
this  period. 

The  repetition  period  P  of  the  amplitude  envelope  depends  on  the  initial 
amplitude.  Figure  8  shows  the  shape  of  amplitude-squared  R:  for  a  few 
choices  of  P.  namely  P  =  4.  8.  16.  The  maximum  amplitudes  have  been 
normalized  to  be  the  same.  The  figure  shows  two  cycles  of  vacillation:  the 
time-axis  is  scaled  by  P  so  that  the  length  of  a  cycle  is  the  same  in  all  cases. 
For  larger  P.  the  response  becomes  more  peaked. 
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time/P 

I  ig  S  Amplitude-squared  R~  as  a  function  of  time:  P  =  4.  X.  lfv 


(4.1) 

(4.2) 


Both  (4.1)  and  (4.2)  show  R  behaving  like  e  ‘  '  in  various  ranges,  with 
smooth  transitions  in  between.  This  behavior  reflects  the  simple  growth  and 
decay  solutions  that  are  the  results  of  neglecting  the  nonlinear  terms  in  (3.2). 
It  is  remarkable  that  the  linearized  growth  and  decay  phases  can  be  used  to 
construct  approximations  to  the  nonlinear  solution  for  all  limes  except  a 
brief  transition  interval  around  the  maximum  amplitude  /?,. 

It  is  not  necessary  to  posit,  for  the  validity  of  this  solution,  that  initial 
amplitudes-squared  are  small.  The  essential  condition  is  that  the  motion 
integrals  <*„.  /„  be  small.  This  means  that  the  initial  amplitudes-squared 
mav  be  order-unity,  as  long  as  they  are  less  than  4/(1  +  d ).  and  their 
difference  is  small,  and  their  initial  phase  difference  (a, -a,)  must  be 
nearly  arcsin  R(0)z/R\.  by  (3.8). 

4.2.  An  approximate  solution  for  arbitrary  initial  amplitudes 

Suppose  that  the  zeros  of  the  polynomial  /4  can  be  written  //,.  a,.  </,.  aA. 
The  nonlinear  limit  cycle  must  oscillate  between  some  adjacent  pair  of  these 
where  the  polynomial  is  positive:  say 

0  <  a,  <  R:  <  //, 

By  setting 

R:  =  1/2(1/,  +  </.)  +  1  /2( </,  -  a:)  sin  6  (4.3) 

and  approximating  /4  in  (3.S).  this  equation  may  he  written 
d 

sin  0  ~  ft  cos  6(  1  +  /»  sin  0 1  (4.4) 

d/ 

where 

ft  =  1/2(1  +  d)[  1/2(0,  +  «,)-«,}'  :{l/2(//,  +  «,)  -<i4}‘  :  (4.5) 


h=  l/4(u,  -  a: )[{ l/2(</,  +</,)- ax  j  1  +  { l/2(  </,  + //; )  -  </4  j  ']  (4.6) 

The  formal  condition  for  this  approximation  only  requires  that  \h  \  <  1.  The 
solution  of  (4.4)  may  be  written 

R:  -  l/2(  a.  +  a , )  2 o 

- - ! - -=sin<?= - -  (4.7) 


l/2(  //.  -  o. 


I  +  a  - 


where 


/T=(l  -6:)‘  :  tan  {1/2(1  -  A' )'  :/?(f-rj)  + /> 


(4.8) 
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The  periodicity  exhibited  by  this  solution  is  P  =  2ir/ft(\  -  /r)1  :.  which  is 
approximately  2tt/ ft  if  h  is  small.  Figure  9  shows  this  solution  for  several 
values  of  />:/>  =  ().  0.1.  0.2.  0.5.  Two  complete  vacillation  cycles  for  each 
value  are  shown,  the  time-axis  has  been  scaled  so  that  the  periods  of  the 
cycles  appear  the  same.  The  maximum  value  shown  corresponds  to  the 
minimum  to  </,.  For  h  =  0.  the  cycle  is  precisely  sinusoidal. 


5.  DISCUSSION:  SOMl  TYPICAL  SC  ALLS 


It  is  instructive  to  compute  typical  dimensional  maximum  amplitudes  for 
disturbances  in  the  ocean  and  atmosphere  by  choosing  appropriate  values 
for  parameters.  For  the  ocean,  take  topography-to-deplh  ratio  to  be  lli/lft 
=  0.1.  mean  upper  layer  current  L\.  =0.1  m  s  '.  baroelinic  Rossby  defor¬ 
mation  radius  =  50  km.  and  Coriolis  parameter  /„  =  10  4  s  1  as  repre¬ 
sentative  values.  For  the  atmosphere,  on  the  other  hand,  again  take  A/;///, 
=  0.1.  /’,  =  10  4  s  '.  but  with  i  r  =  10  m  s  '.  =  1000  km.  These  give,  for 

the  parameter  defined  by  (2.^1.  c  =  5  (ocean),  and  r  =  1  (atmosphere).  These 
settings  are  not  particularly  small  and  indicate  that  more  terms  must  be 
computed  from  the  iterative  method  of  solution  used  in  section  2  before 
numerical  accuracy  can  be  assured.  However,  the  method  appears  to  be 
nonsingular  so  that  only  quantitative,  not  qualitative  modifications  may  be 
expected.  Of  course,  we  can  always  imagine  sufficiently  small  topography 
for  which  e  w  ill  be  satisfactorily  small  and  the  perturbation  theory  of  section 
2  readily  applicable.  The  largeness  of  e  even  for  moderate  topography 
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Fig..  10.  Schematic  of  topographic  instability  near  the  marginally  neutral  circle  between 
wavenumber  modes  k{.  A  .  bridged  by  topography  A  , ,  where  k  r  «  k ,  =  k , . 


strongly  suggests  that  the  influence  on  haroclinic  eddy  dynamics  may  he 
very  important.  The  theory  presented  above  represents  a  first  attack  on  the 
problem. 

Despite  moderately  large  c.  there  may  be  situations  where  the  present 
first-order  theory  gives  accurate  results.  This  occurs  where  the  horizontal 
scale  Lj  of  the  topography  is  much  longer  than  the  wavelengths  of  the 
modes,  of  order  Rossby  radius  r0.  Then  the  term  involving  the  Jacobian  of 
topography  and  streamfunction  in  eqs.  2.7  is  of  order  cr0//.T.  This  parame¬ 
ter.  rather  than  c.  then  becomes  the  effective  perturbation  parameter  of 
section  2.  To  satisfy  the  resonance  condition, 

-  1  —  ^  2  =  4  T 

where  |  A  T  |  —  r„/LT  «  |  A,  |.  |  A,  |,  and  to  achieve  A,.  A,  of  opposite  signs, 
we  must  ensure  that  the  wavenumbers  A,.  A,  straddle  a  marg-nally  neutral 
wavenumber  on  the  marginal  circles  of  Figs.  1  5.  This  is  represented 
schematically  in  Fig.  10.  The  nonlinear  solution  of  section  4  then  looks  like  a 
disturbance  of  wavenumber  Ay  ( =  A , ).  propagating  along  the  crests  of 
topography,  with  a  modulated  spatial  envelope  across  the  topography  at  the 
wavenumber  A  r.  The  envelope  waxes  and  wanes  on  a  'onger  time  scale  as  in 
Fig.  8.  The  modulation  period  P  [eq.  4.3]  of  the  envelope  depends  on  the 
initial  values  of  the  amplitudes  of  the  participating  modes.  The  maximum 
nondimensional  envelope  amplitude  of  the  amplitude  envelope  is  R,  =  2(1 
+  d)  '  1  -  21  \  from  eq.  4.2,  where  J=  A, /A,  =  1.  for  A,  =  A,  |eq.  2.22], 


The  scale  for  the  dimensional  envelope  amplitude  can  be  traced  from  the 
scalings  of  (2.6)  and  (3.1):  it  is 


where  e  is  given  bv  (2.9).  This  is  a  scale  for  the  disturbance  stream  function. 
The  precise  values  of  A,.  A:  are  sensitise  functions  of  the  distance  ol  A,.  A  , 
from  the  marginally  neutral  circle.  Take  — A:/A,  =0(1).  Also,  take  A,  =0(1). 
Without  loss  of  generality,  the  superfluous  topography  parameter  17,  can  be 
set  to  1.  Now 

K *  ~  -  '  A ,  x  A,  —  A 1 A  f 

where  A,.  A,.  Ar  are  nondimensional  wavenumbers  scaled  by  rn.  Take 
A,  =0(1).  but  A  T  =  /•„//. T  1.  The  disturbance  velocity  scale  that  corre¬ 
sponds  to  the  above  is  then  roughly 

For  the  ocean,  take  A /»///,  =0.1.  L\.  =  0.1  m  s  '.  /„  =10  4  s  './.,  =  500 
km.  This  velocity  scale  is  0.7  m  s  *,  which  is  quite  considerable.  Although  it 
is  larger  than  the  mean  flow  scale  L\..  it  is  not  inconsistent  with  the 
requirements  for  validity  of  the  perturbation  expansion.  For  the  atmosphere 
take  L\,  =  10  m  s  =  1000  km.  other  parameters  being  comparable  to 

the  ocean:  then  the  disturbance  velocity  scale  is  10  m  s  *.  Although  these 
estimates  are  quite  crude — a  given  situation  requires  a  more  precise  calcula¬ 
tion  of  A,.  A:.  A,,  etc. —  they  serve  to  show  that  substantial  disturbance 
velocities  can  be  achieved. 

In  summary,  we  have  shown  how  the  amplitudes  of  hybrid  modes  of 
baroclinic  instability  generated  by  interaction  with  topography  execute  finite 
amplitude  limit-cycles  of  growth  and  decay.  It  must  be  stressed  that  the 
solutions  were  calculated  by  perturbing  the  nonlinear,  nontopographic. 
normal  modes,  so  that  the  effects  of  nonlinearity  and  topography  must  be 
considered  ‘weak".  However.  Hopf  bifurcation  theory  (looss  and  Joseph. 
1980)  guarantees  a  finite  radius  of  convergence  for  such  a  perturbation 
theory,  so  that  quantitatively  accurate  finite-amplitude  approximations  are 
in  principle  accessible  by  repeated  iterations.  We  claim  only  a  qualitative 
approximation  to  these  accurate  solutions  with  our  first-order  theory  . 
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Observations  of  Internal  Gravity  Waves  Under  the  Arctic  Pack  Ice 
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Internal  gravity  waves  measured  under  the  Arctic  pack  ice  were  strikingly  different  from  measurements 
at  lower  latitudes.  The  total  wave  energy,  integrated  over  the  internal  wave  frequency  band,  was  lower  by 
a  factor  of  0  03  0.07.  and  the  spectral  slope  at  high  frequency  was  nearly  —I  in  contrast  to  the  -2 
observed  at  lower  latitudes.  This  result  has  implications  for  theoretical  investigations  of  the  generation, 
evolution,  and  destruction  of  internal  waves  and  is  also  important  for  other  processes,  such  as  the 
propagation  of  sound,  and  the  wave-induced  turbulent  diffusion  of  heat,  plankton,  and  chemical  tracers. 


Introduction 

Internal  gravity  waves  are  responsible  for  much  of  the 
variability  in  the  ocean  at  short  time  scales,  from  the  inertial 
to  buoyancy  periods,  and  at  small  space  scales,  from  0.1  to  10 
km  [Others.  1983]  These  waves  transport  energy  vertically 
and  horizontally  and  may  transform  large-scale  geostrophic 
circulations  to  small-scale  turbulent  motions.  Away  from 
topographic  features  the  internal  wave  spectrum  has  been  ob¬ 
served  to  be  remarkably  steady  in  time  and  uniform  through¬ 
out  most  of  the  world's  oceans  However,  beneath  the  Arctic 
pack  ice  the  wave  Held  differs  markedly  from  lower-latitude 
observations.  Results  from  the  Arctic  Internal  Wave  Experi¬ 
ment  (A1WEXI  indicate  that  the  internal  waves  are  substan¬ 
tially  less  energetic  with  a  significantly  different  spectral  com¬ 
position  compared  with  lower-latitude  observations.  We  be¬ 
lieve  that  the  measurements  made  during  AfWEX  represent 
one  of  the  best  sets  of  observations  of  an  oceanic  internal 
wave  field  in  which  the  spectral  level  and  shape  are  signifi¬ 
cantly  different  from  the  universal  Garrett-Munk  model  [Gar¬ 
ret/  tttitl  Slunk.  1972.  1975]  (hereinafter  referred  to  as  GM). 

Oceanic  measurements  over  the  past  two  decades  reveal 
that  the  internal  wave  field  is  composed  of  a  wide  spectrum  of 
frequencies  and  wave  numbers  with  statistics  that  are  nearly 
stationary  in  time  and  space  This  conclusion  allowed  GM  to 
derive  a  universal  spectral  representation  of  the  wave  field  that 
ts  consistent  with  observations  and  linear  wave  theory  Al¬ 
though  the  GM  model  is  a  simplified  view  of  internal  waves, 
experience  has  demonstrated  that  new  observations  tend  to 
follow  the  main  features  of  the  model 

While  the  spectral  description  of  the  internal  wave  field  has 
continued  to  improve,  we  do  not  yet  understand  the  physical 
processes  that  generate  and  dissipate  internal  waves.  Theoreti¬ 
cal  studies  have  suggested  a  variety  of  plausible  mechanisms, 
but  verification  is  difficult.  One  approach  has  been  to  search 
for  deviations  from  the  universal  GM  description  and  to  at¬ 
tempt  to  correlate  these  deviations  with  fluctuations  in  exter¬ 
nal  forcing  [Wurtsch,  1975],  Some  success  has  been  achieved 
in  correlating  wind  forcing  with  the  generation  of  internal 
waves  at  near-inertial  frequencies  [eg..  Pollard.  1970;  Fu, 
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1981 ;  D'Asaro,  1985],  However,  establishing  a  cause  and  effect 
relationship  between  a  forcing  mechanism  and  the  remainder 
of  the  internal  wave  spectrum  has  not  been  as  successful.  The 
possibility  of  topographic  forcing  is  suggested  from  measure¬ 
ments  of  enhanced  levels  of  wave  energy  near  significant  topo¬ 
graphic  features  such  as  seamounts  [e.g..  Wunsch  and  Wehh. 

1979]  and  canyons  [e  g..  Hotchkiss  and  Wunsch,  1982].  Atmo¬ 
spheric  forcing  appears  to  produce  a  seasonal  variation  in 
energy  from  12  13  to  2-3  times  the  mean  level  in  observa¬ 
tions  made  during  the  Long-Term  Upper  Ocean  Study 
[ Briscoe  and  Weller.  1984].  Further  evidence  connecting  spe¬ 
cific  forcing  mechanisms  with  variations  in  the  internal  wave 
field  will  aid  in  determining  the  identity  of  the  important 
sources  of  internal  waves 

It  was  in  the  spirit  of  searching  for  an  anomalous  internal 
wave  field  that  AIWEX  was  organized.  Scant  evidence  indicat¬ 
ed  that  internal  wave  energy  levels  might  be  low  in  the  Arctic 
Ocean  [Levine  et  ai,  1985]  AIWEX  was  designed  to  test  this 
hypothesis  by  making  intensive  observations  of  the  internal 
wave  held  beneath  the  polar  ice  cap.  In  this  paper  we  present 
measurements  of  the  internal  wave  spectra  measured  during 
AIWEX  and  compare  these  observations  with  the  GM  model. 

Observations 

The  experiment  took  place  at  an  ice  camp  established  about 
350  km  north  of  Prudhoe  Bay.  Alaska,  in  the  Beaufort  Sea, 
with  researchers  from  Oregon  State  University,  the  University 
of  Washington.  Scripps  Institution  of  Oceanography,  and  pri¬ 
vate  industry.  During  nearly  2  months  of  occupancy  from 
March  to  May  1985  the  camp  difted  about  120  km  to  the  west 
from  its  origin  at  74  N.  143  W.  An  extensive  set  of  temper¬ 
ature,  conductivity,  and  velocity  data  were  gathered  from  a 
variety  of  instruments  Access  to  the  water  was  obtained 
through  holes  in  the  3-m-thick  ice  The  measurements  report¬ 
ed  here  were  made  from  both  fixed  and  vertically  profiling 
instruments. 

To  determine  the  density  field  through  which  the  internal 
waves  propagate,  vertical  profiles  of  temperature  and  salinity 
were  measured  with  the  Arctic  profiling  system  [Morison, 

1980] .  The  buoyancy  frequency  N  was  then  estimated  from 
the  vertical  gradient  of  density.  There  are  significant  variations 
in  A  in  the  upper  250  m  reflecting  the  different  water  masses 
that  compose  the  upper  Arctic  Ocean  [Aagaard  et  ai.  1985] 
(Figure  1).  Values  range  from  4  eph  to  peaks  near  12  cph. 
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Below  250  m,  V  decreases  nearly  exponentially  to  the  bottom 
at  5700  m 

Time  series  of  temperature  were  measured  by  a  vertical  and 
horizontal  array  of  temperature  sensors  (Sea-Bird  Electronics, 
sensor  SBF-3).  Seven  of  the  sensors  were  located  at  250  m. 
where  the  fluctuations  in  temperature  are  due  primarily  to  the 
vertical  displacement  of  the  internal  waves.  The  vertical  dis¬ 
placement  is  inferred  by  dividing  the  temperature  time  series 
by  the  average  vertical  temperature  gradient  An  observed 
spectrum  of  vertical  displacement  from  the  period  March  20 
to  April  5  is  shown  in  Figure  2.  The  spectrum  decreases  as 
<■>  1  up  to  6  cph.  the  local  value  of  the  buoyancy  frequency 
Above  V  there  is  a  sharp  break  in  slope  and  a  steep  falloll' in 
energy. 

Over  the  same  period  a  lime  series  of  horizontal  velocity  at 
100  m  was  measured  with  an  electromagnetic  current  meter 
(InterOcean  S4)  Because  the  ice  pack  drifts,  the  observed  ve¬ 
locity  is  the  sum  of  the  ice  and  water  motion  t  he  ice  motion 
was  removed  from  the  velocity  time  series  using  the  lime  his¬ 
tory  of  the  camp  position  determined  from  a  tit  to  satellite 
navigation  The  method  used  is  due  to  Mtf’luf  [14X6]  Posi¬ 
tions  were  obtained  approximately  40  times  per  day  t  he  fre¬ 
quency  spectra  of  the  two  rotary  components  of  horizontal 
velocity  are  shown  in  Figure  2  There  is  a  peak  in  the  clock¬ 
wise  component  at  the  inertial  frequency  as  expected  in  the 
northern  hemisphere  Above  /  the  clockwise  component  is 
higher  than  the  counterclockwise:  at  high  frequency  the  com¬ 
ponents  are  nearly  the  same  and  follow  <•/  1  The  fallolf  above 
V  is  not  observed  because  the  sampling  rate  was  too  low 

Discussion  and  t  nvri  t  skins 

To  compare  these  observations  with  those  from  other 
oceans,  the  GM  spectrum  was  calculated:  it  is  a  good  repre¬ 
sentation  of  the  internal  wave  held  at  lower  latitudes  away 
from  topography.  The  GM  spectra  of  vertical  displacement  .S', 
and  of  clockwise  and  counterclockwise  rotary  velocity  S  and 


S .  arc  given  by 


.  ( ft  4-1  I' 

■S  =  4eF7i'.V  /.V(r|  — - — ; - c— - 

i-i  Vi-  r  I 

where  we  use  the  same  values  of  the  parameters  as  GM:  I.  - 
6.3  x  10  5  (nondimcnsional  energy  level),  b  -  13(H)  m  Ivcrli- 
cal  depth  scale  of  AT.  and  ,V„  —  3  cph  (buoyancy  frequency 
scale).  The  units  of  .S',  and  S.  are  m’  (cph)  1  and  m  h  1 
(cph)  1  respectively,  for  frequency  specified  in  units  of  cycles 
per  hour  The  GM  description  is  confined  to  freely  propagat¬ 
ing.  linear  internal  waves  which  are  restricted  to  frequencies 
between  the  inertial  frequency  /  and  S.  The  GM  spectra  arc 
plotted  with  the  observations  in  Figures  2  and  3.  The  local 
value  of  V  is  used  to  scale  the  level  of  the  spectra.  The  values 
of  V  at  1(H)  and  250  m  were  taken  from  Figure  I  and  found  to 
be  near  6  cph  at  both  depths.  At  high  frequency  ,  n  ■■>  /.  the 
frequency  dependence  of  the  GM  spectra  of  velocity  and  verti¬ 
cal  displacement  is  <•>  :. 

The  Arctic  spectra  are  strikingly  different  from  lower- 
latitude  observations:  The  total  internal  wave  energy  is  signifi¬ 
cantly  lower  by  a  factor  of  0.03  0.07.  and  the  spectral  slope  is 
substantially  less  sleep,  with  a  frequency  dependence  near  <i  ' 
at  high  frequency  The  total  internal  wave  energy  is  estimated 
front  the  total  variance  of  the  velocity  or  vertical  displacement 
over  the  internal  wave  frequency  band  from  /  to  A  The  total 
energy  is  lower  than  GM  by  a  factor  of  0.03  based  on  vertical 
displacement  and  a  factor  of  0.07  based  on  velocity.  However. 
the  spectral  density  ranges  below  GM  by  a  factor  of  0.6  near 
V  to  a  factor  of  0.01  near  /  (Figures  2  and  3). 

These  observations  have  a  potential  impact  on  a  variety  ol 


f  ig  2.  Spectrum  of  vertical  displacement  from  250-m  depth  (solid 
line).  Vertical  displacement  was  inferred  from  temperature  bv  dividing 
bv  the  average  vertical  temperature  gradient  of  0.02  C  m  1  The 
Garrett-Munk  spectrum  is  shown  for  comparison  (dashed  line)  The 
45  confidence  limits  are  indicated  below. 
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active  research  areas.  Recent  theoretical  studies  have  sought 
to  explain  the  observed  spectral  composition  of  the  wave  lield 
by  nonlinear  interactions  (see  Muller  el  al.  [1986],  for  a  recent 
review  of  the  topic).  Researchers  have  typically  used  a  spec¬ 
trum  similar  to  GM  to  characterize  the  oceanic  internal  wave 
field.  The  theories  can  now  be  tested  with  a  wave  field  having 
a  different  spectral  composition.  A  successful  theory  will  need 
to  explain  both  the  low-latitude  and  Arctic  measurements. 
Studies  of  acoustic  propagation  have  been  able  to  relate  am¬ 
plitude  and  travel  time  fluctuations  of  sound  pulses  to  the 
fluctuations  due  to  internal  waves  [e  g..  Finite.  1983:  F.wart 
arid  Reynolds,  1984],  The  Arctic  Ocean,  with  its  unique  inter¬ 
nal  wave  environment,  provides  a  valuable  laboratory  for  test¬ 
ing  new  theoretical  ideas  in  acoustic  propagation.  The  role  of 
internal  waves  in  vertical  and  horizontal  mixing  [e.g..  Young 
el  al..  1982;  Desauhies  and  Smith.  1982]  may  be  elucidated  by 
comparing  observations  from  lower  latitude  with  the  Arctic. 
Differences  in  mixing  could  affect  the  large-scale  circulation  as 
well  as  the  diffusion  of  plankton  and  chemical  tracers. 

Why  are  Arctic  internal  waves  so  different  from  those  at 
lower  latitudes  .’  The  search  for  answers  to  this  question  is  a 
topic  of  active  research  We  can.  however,  suggest  some  hy¬ 
potheses. 

It  is  instructive  to  examine  the  physical  processes  that  are 
unique  to  the  Arctic  Ocean.  The  ice  cover  acts  as  a  rigid  lid  to 
the  internal  waves.  The  formation  of  a  turbulent  boundary 
layer  below  the  ice  causes  increased  internal  wave  dissipation 
compared  to  ice  free  oceans  [Xf orison  el  at..  1985].  The  nature 
of  surface  forcing  is  also  quite  different  in  the  Arctic.  The  wind 
stress  usually  must  be  transferred  through  the  ice  to  reach  the 
water  below.  This  forcing  is  generally  weaker  than  other 
oceans  because  the  winds  themselves  are  weaker  [Paulson. 
1980],  and  some  momentum  is  transmitted  through  the  ice  to 
the  coast.  Ice  keels,  which  add  topographic  relief  to  the  under¬ 
side  of  the  ice,  may  generate  internal  waves  when  the  ice 


Fig  3  Spectrum  of  Ihe  clockwise  (hold  solid  line)  and  counter¬ 
clockwise  (light  solid  line)  components  of  horizontal  velocity  at  100-m 
depth  The  Garrett-Munk  spectrum  is  shown  for  comparison  (dashed 
line).  The  95".,  confidence  limits  are  indicated  below 


moves  [Rigby,  1976].  Large  surface  buoyai  v  Huxes,  which 
occur  within  leads,  may  generate  internal  waves  by  perturbing 
the  pycnocline  at  the  base  of  the  surface-mixed  layer  [  Moris - 
on.  1980.  1986].  It  is  theoretically  possible  to  transfer  momen¬ 
tum  to  internal  waves  from  surface  gravity  waves  [Others. 
1983;  Phillips.  1977];  this  mechanism  is  not  possible  in  an 
ice-covered  ocean.  Another  source  of  energy  for  the  internal 
wave  field  may  be  provided  by  the  spectral  transfer  of  internal 
tide  energy  through  nonlinear  wave-wave  interactions  [Bell. 
1975],  The  internal  tide  is  an  internal  wave  at  tidal  frequencies 
that  is  generated  by  the  interaction  of  (he  barotropic  tide  with 
topography,  such  as  continental  shelves  (see  Hendershott 
[1981],  for  a  review  of  internal  tides)  In  the  Arctic  Ocean  the 
internal  tide  is  weak  due  to  a  small  barotropic  tide  over  much 
of  the  Arctic  Ocean  [Kmvalik  and  L ' ntersteincr,  1978]  coupled 
with  the  fact  that  free  internal  waves  cannot  exist  at  latitudes 
higher  than  75  at  the  lunar  semidiurnal  frequency  (M ,  tide). 
Internal  waves  may  also  gain  energy  from  low-frequency  mo¬ 
tions.  such  as  mesoscale  eddies  and  mean  geostrophic  circu¬ 
lations  f Others.  1983].  The  mean  circulation  in  the  Beaufor' 
Sea  is  relatively  weak  compared  to  most  oceans  [Coachman 
and  Aagaard.  1974]:  however,  the  basin  is  populated  with 
intense,  long-lived  small-scale  eddies  (10-20  km)  [ Manley  and 
Hankins.  1985]  identification  of  which  of  the  foregoing  or 
other  processes  are  most  important  in  generating,  modifying, 
and  dissipating  internal  waves  awaits  further  investigation. 
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A  vtalisiical  description  of  the  deep  ocean  internal  wave  held  is  presented  using  measurements  from  the 
Midocean  Acoustic  Transmission  Experiment,  conducted  near  Cobb  Seamount  in  the  NE  Pacific 
(46  4h  N.  130  47W|  during  June  July  1977.  The  unique  feature  of  this  experiment  is  the  variety  of  data 
obtained  simultaneously  from  the  same  location:  time  series  of  temperature  and  velocity,  and  vertical 
and  horizontal  profiles  of  temperature.  A  generalized  form  of  the  Garrett-Munk  |GM)  internal  wave 
spectrum  is  developed  and  used  to  interpret  Ihe  data.  This  spectral  model  is  specified  by  three  parame¬ 
ters.  L.  t.  and  p  (energy  level,  wave  number  bandwidth,  and  frequency  spectral  slope,  respectively!.  The 
variety  of  measurement  types  permit  these  three  model  parameters  to  be  estimated  from  more  than  one 
measurement.  The  overall  best  fit  values  to  the  MATE  data  were  p  -  2.7  (GM  use  p  —  31.  t  -  3.1  m  1  s 
(equivalent  to  -  6.  twice  the  GM  value),  and  £-8x10  4  J  kg  (within  20"..  of  the  GM  level). 
Although  significant  differences  were  found  in  the  values  of  the  bandwidth  (0  and  spectral  slope  (pi  from 
those  specified  by  Garrett-Munk.  the  deviations  are  consistent  with  (he  behavior  expected  in  a  random 


internal  wave  field. 

I.  INIRODH  HON 

Our  knowledge  of  internal  gravity  waves  in  the  ocean  has 
increased  dramatically  in  the  past  few  decades.  While  internal 
waves  have  been  observed  since  the  beginning  of  the  century, 
the  pervasiveness  of  the  phenomena  has  only  been  realized 
with  the  advent  of  instruments  capable  of  measuring  time 
series  of  velocity  and  temperature.  However,  internal  waves 
are  sufficiently  complicated  that  relating  observations  to  theo¬ 
retical  ideas  is  difficult.  In  order  to  resolve  the  internal  wave 
field,  in  even  a  rudimentary  way.  simultaneous  measurements 
of  the  vertical,  horizontal,  and  temporal  variability  of  the 
ocean  are  necessary,  f  or  more  background,  see  recent  reviews 
by  Munk  [1981],  Levine  [1983],  and  Others  [1983], 

The  extensive  set  of  environmental  and  acoustic  data  gath¬ 
ered  during  the  Midocean  Acoustic  Transmission  Experiment 
(MATE)  provides  an  opportunity  to  study  simultaneous  ob¬ 
servations  from  several  different  types  of  measurements.  The 
experiment  was  conducted  near  Cobb  Seamount  in  the  NE 
Pacific  about  450  km  from  the  coast  of  Washington  (46  46'N. 
130  47’W)  during  June  July  1977  [Ewart  el  a!..  1977],  To 
accommodate  the  requirements  of  the  acoustic  experiment,  the 
internal  wave  measurements  were  made  between  Cobb  Sea¬ 
mount  and  a  second  smaller  seamount  to  the  southwest  in  a 
water  depth  of  2200  m  (Figure  !|.  Cobb  Seamount  is  an  im¬ 
posing  topographic  feature  rising  to  within  30  m  of  the  sur¬ 
face:  the  top  of  the  smaller  seamount  (labeled  "Corn”  in 
Figure  ll  is  nearly  1000  m  below  the  surface.  While  the  prox¬ 
imity  of  these  two  features  (about  9  km  away)  may  affect  the 
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internal  wave  field,  other  studies  suggest  that  the  perturbation 
of  the  internal  wave  field  is  limited  to  regions  very  near  the 
seamounts  [IVun.sc/i.  1976;  H  uitse/i  and  W'ehh.  1979;  F.riksen. 
1982],  The  seamounts,  however,  could  be  a  significant  source 
of  internal  tide  [eg..  Haines.  1982]. 

The  purpose  of  this  paper  is  to  present  the  variety  or  tem¬ 
perature  and  velocity  data  gathered  during  MATE  and  to 
describe  statistically  the  internal  wave  field  suggested  by  these 
observations.  The  empirical  model  of  Garrett  and  Munk  [1972. 
1975;  hereafter  referred  to  as  GM]  is  used  as  a  framework  for 
comparing  the  various  statistical  quantities  that  could  be  esti¬ 
mated  from  the  measurements.  Guided  by  the  observations, 
the  form  of  the  GM  internal  wave  spectrum  is  generalized  to 
accommodate  an  arbitrary  frequency  spectral  slope:  this  for¬ 
malism  may  also  be  useful  in  interpreting  other  observations 
where  the  frequency  spectral  slope  differs  from  the  GM  model. 
The  unique  feature  of  the  MATE  observations  is  that  the 
different  types  of  measurements  were  made  nearly  simulta¬ 
neously  in  the  same  part  of  the  ocean  This  invites  a  close 
comparison  with  theory,  since  model  parameterizations  can  be 
checked  for  consistency  with  the  same  parameters  estimated 
from  more  than  one  measurement. 

This  paper  serves  as  an  overview  of  the  data  gathered 
during  MATE;  the  association  with  internal  waves  is  made  by 
using  the  GM  model  as  the  standardized  “yardstick."  More 
detailed  analyses  and  modeling  of  specific  aspects  of  the  data 
set.  such  as  fine  structure  [Feline  and  Irish.  1981]  and  the 
internal  tide,  are  deferred  to  other  studies 

The  observed  temperature  and  velocity  measurements  and 
associated  spectral  quantities  are  presented  in  section  2.  The 
observations  are  compared  with  internal  wave  consistency 
relations  in  section  3.  A  generalized  form  of  the  GM  spectral 
model  is  presented  in  section  3.  and  the  parameters  of  the 
model  are  determined  in  section  4  A  comparison  with  histori- 
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t  l  \  schematic  oh'hic»  of  MATE  showing  the  three  moored  arrays.  SPURV.  CTDSV.  and  the  relationship  to  the 

acoustic  experiment. 
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cal  data  is  made  in  section  5.  and  a  summary  and  conclusions 
are  given  in  section  6. 

Throughout  the  paper  units  of  radians  per  second  (s  ')  and 
radians  per  meter  (m  ')  are  used  exclusively  in  equations. 
Units  of  cycles  per  hour  (cphl  and  cycles  per  meter  (cpm)  are 
also  used  in  discussions  and  in  presentation  of  the  data. 

2.  Ohsi  KVA  HONS 
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A  schematic  overview  of  the  components  of  MATE  is 
shown  in  Figure  1.  The  vertical  structure  was  sampled  repeat¬ 
edly  using  a  conductivity,  temperature,  depth,  sound  velocity 
measuring  instrument  (CTDSV).  Temporal  variability  at  fixed 
points  was  monitored  with  three  moored  arrays.  Two  moored 
temperature  arrays  (referred  to  as  A I  and  A2)  and  one  current 
meter  array  1C  II  were  deployed  midway  between  the  two  sea¬ 
mounts  in  2.2  km  of  wat  r.  Florizontal  temperature  profiles 
were  obtained  with  the  free-swimming  self-propelled  under¬ 
water  research  vehicle  (SPURV)  [Widditsch,  1973].  The 
depths  of  the  moored  sensors  and  SPURV  observations  are 
shown  in  Figure  2. 


x  1600 

fig.  2  Depths  of  the  currenl  meters  (C Vf  |,  temperature  (T).  con¬ 
ductivity  (C).  and  pressure  (Pi  sensors  located  on  arrays  AI.  A2.  and 
Cl  and  SPURV 


CTDSV  Profiles 

A  total  of  38  CTDSV  profiles  from  the  surface  to  1500  m 
were  taken  at  three  stations  with  a  Bissett- Berman  9040-5 
CTDSV  The  primary  station  was  midway  between  the  sea- 


Livini  i  i  At.:  Imirnal  Wavi  Fii.lij  Diking  MATE 


9711 


FREQUENCY  (cph) 


FREQUENCY  (s') 

tig.  3.  The  average  buoyancy  frequency  profile  Vtrl.  The  data  are 
tit  with  an  exponential  \tc)  -  A,,  exp  [  -(;  -  200)  1300]  with  — 
4.0  >  10  '  s  1  (solid  linel.  The  average  oceanic  profile  used  by  Gar- 
ri'ii  and  Monk  [1972]  with  \„  -  5.2  x  10  1  s  'is  shown  for  com¬ 
parison  (dashed  linel. 


mounts  near  the  moored  arrays.  The  other  two  stations  were 
midway  between  this  central  site  and  each  seamount.  In  addi¬ 
tion.  at  the  primary  site  a  25-hour  scries  of  CTDSV  profiles 
was  recorded,  consisting  of  a  profile  from  1000  to  1300  m 
every  20  min.  As  the  vertical  sampling  was  nonuniform,  the 
profiles  were  filtered  to  1-m  intervals  with  a  2-m  triangular 
filter  centered  around  each  l-m  interval.  The  38  deep  profiles 


Tig  4.  Vertical  wave  number  spectra  of  vertical  displacement  DS 
calculated  from  temperature  profiles  measured  with  the  CTDSV  over 
depth  ranges  of  X40  1095  and  1096  1351  m  The  vertical  displace¬ 
ment  is  inferred  from  temperature  by  assuming  a  constant  vertical 
adiabatic  temperature  gradient  of  1.9  x  10  '  Cm 


were  ensemble  averaged  to  produce  profiles  representative  of 
the  average  conditions  during  the  experiment.  Since  the  pro¬ 
files  were  taken  at  somewhat  random  times,  it  was  assumed 
that  the  variations  due  to  tides,  internal  waves,  and  non- 
persistent  structure  were  nearly  averaged  out. 

The  average  profiles  of  temperature,  salinity,  density,  and 
sound  velocity  are  nearly  linear  over  the  depth  range  of  the 
moored  sensors  [Ewart  et  al.,  1977]  The  buoyancy  frequency 
was  calculated  from  the  average  profile  (Figure  3).  Below’  200 
m  the  profile  is  fit  to  an  exponential,  as  suggested  by  Garrett 
and  M link  [1972],  producing  a  representative  profile  for  deter¬ 
mining  the  local  buoyancy  frequency.  ,V(cl.  This  profile  is  con¬ 
sistent  with  earlier  measurements  at  Cobb  Seamount  [tvvurt. 
1976], 

Vertical  wave  number  temperature  spectra  were  calculated 
from  perturbation  profiles  formed  by  subtracting  the  average 
temperature  profile  from  each  of  the  32  profiles  made  con¬ 
currently  with  the  A2  measurements.  Each  profile  was  divided 
into  nine  depth  ranges  and  Fourier  transformed:  spectra  were 
estimated  hy  a  combination  of  ensemble  and  band  averaging. 
Corrections  were  also  made  for  sensor  response.  If  the  temper¬ 
ature  fluctuations  were  caused  primarily  by  the  vertical  advec- 
tion  of  a  linear  temperature  gradient,  then  the  vertical  dis¬ 
placement  spectra  (dropped  spectra.  DS-I.  shown  in  Figure  4. 
can  be  formed  by  dividing  each  temperature  spectrum  by  the 
square  of  the  local  mean  adiabatic  temperature  gradient.  This 
assumption  is  better  at  lower  wave  numbers  and  more  suspect 
at  higher  wave  numbers,  which  may  be  contaminated  by  the 
effects  of  fine  structure  A  comprehensive  analysis  of  the  effects 
of  temperature  fine  structure  in  these  measurements  is  given 
by  l.ctinc  and  Irish  f  19X1  ].  The  most  energetic  spectrum  is  the 
shallowest,  with  energy  decreasing  with  increasing  depth.  The 
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Fig.  5.  I- requeues  spectra  of  vertical  displacement  MS-  observed 
from  temperature  sensors  on  A2  at  XX.*  m  (no  offset)  and  1273  m 
(offset  by  a  factor  of  0.1).  The  vertical  displacement  ts  inferred  from 
temperature  by  assuming  a  constant  vertical  adiabatic  temperature 
gradient  of  2.00  *  10“  '  C  m  at  KX3  m  and  1.62  s  10  '  c  m  at  1273 
m.  The  data  are  compared  with  the  M  ATT  model  (solid  line)  and  the 
C»M  model  (  Jashed  line)  The  95%  confidence  limits  arc  also  indicat¬ 
ed 
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Fig  6.  The  vertical  coherence  of  vertical  displacement  MVC';  ob¬ 
served  by  temperature  sensors  on  A2.  (ill  MVC  as  a  function  of 
frequency  for  vertical  separation  of  I.  25.  and  240  m.  t b)  The  average 
level  of  the  MVC  in  the  internal  wave  band  (0.2  0.7  cph)  as  a  func¬ 
tion  of  vertical  separation  The  data  are  compared  (stars)  wtth  the 
M  A  I  L  model  for  the  range  of  t  -  2.5  to  3  6  m  1  s  for  V  --  1.0  to  1.35 
cph  (between  solid  lines)  and  the  GM  model  with  (  -  1.4  m  " 1  s  for 
V  -  1.0  to  I  35  cph  (between  dashed  lines). 


spectra  drop  at  /(  2  1  from  6  x  10  ■'  cpm  to  about  6  x  10  2 
cpin.  then  fall  faster  at  about  /I  2  / 

Moored  Temperature  Arrays 

The  two  temperature  arrays  were  designed  as  taut  moorings 
with  all  buoyancy  at  400  m.  below  the  influence  of  the  wind 
wave  field  The  top  sensor  on  each  array  was  an  Aandcraa 
current  meter  measuring  horizontal  velocity  and  temperature; 
the  other  sensors.  18  temperature  (Sea-Bird  Electronics),  two 
conductivity  (Sea-Bird  Electronics),  and  two  pressure  (Vibro- 
tron).  were  divided  equally  between  the  arrays  (Figure  2). 
Acoustic  transponders  on  the  arrays  allowed  shipboard  track¬ 
ing:  A1  was  positioned  .332  m  southeast  of  A2. 

The  pressure  records  show  the  mean  depth,  tidal  fluctu¬ 
ations.  and  array  motion.  The  amplitude  of  the  pressure  fluc¬ 
tuations  recorded  on  A2  agrees  to  within  I  4  m  of  the  barotro- 
pic  tide  predicted  from  previous  measurements  on  Cobb  Sea¬ 


mount  ( Larsen  ami  Irish.  1975],  Therefore  the  vertical  excur¬ 
sion  of  the  sensors  is  neglected.  However,  the  vertical  motion 
of  A I  having  I  3  the  buoyancy  of  A2  may  not  be  negligible 
Hence  most  results  will  be  based  on  data  from  A2. 

Frequency  spectra  were  calculated  from  all  the  moored  tem¬ 
perature  records  A  linear  trend  was  removed  from  each  scries 
and  a  cosine  taper  applied  to  the  first  and  last  10"  i  of  the 
series  to  correct  for  end-efVccts,  as  suggested  by  Bingham  el  al. 
[1967],  The  temperature  spectra  were  converted  to  vertical 
displacement  spectra  by  dividing  by  the  square  of  the  local 
average  adiabatic  temperature  gradient.  Examples  of  moored 
vertical  displacement  spectra  (MS.)  corrected  for  sensor  re¬ 
sponse  are  shown  in  Figure  5. 

The  energy  below  the  inertial  frequency  (/=  1.06  x  10  4 
s  1 )  is  attributed  to  the  advection  of  temperature  structure  by 
low-frequency  currents  as  well  as  the  internal  wave  field  itself 
[ Levine  and  Irish.  1981].  The  dominant  energy  is  tidal:  signifi¬ 
cant  peaks  are  present  at  both  the  diurnal  and  semidiurnal 
frequencies.  As  typically  observed  in  internal  wave  spectra, 
there  is  a  sharp  rise  at /followed  by  a  smooth  spectral  roll-olT. 
Near  .V  there  is  a  sharp  break  in  slope  with  an  in  2  '  depen¬ 
dence  above  .V. 

Estimates  of  the  coherence  in  frequency  space  between  ver¬ 
tically  separated  sensors  (moored  vertical  coherence.  MVC;| 
are  shown  in  Figure  6.  Each  temperature  record  was  divided 
into  50" „  overlapping  blocks  as  suggested  by  Carter  et  at. 
[1973],  A  linear  trend  was  removed  and  a  cosine  taper  applied 
to  the  First  and  last  10",.  of  each  block.  Cross-spectral  esti¬ 
mates  were  formed  by  ensemble  averaging  the  blocks,  and 
coherences  were  estimated  by  normalizing  by  the  appropriate 
autospectra.  For  the  three  vertical  separations  shown  in 
Figure  hit.  the  coherence  in  the  internal  wave  band  decreases 
with  increasing  separation.  There  are  peaks  at  the  tidal  and 
buoyancy  frequencies  for  separations  of  25  and  240  m.  Above 
the  local  buoyancy  frequency,  the  coherence  drops  to  a  bias 
level  that  is  statistically  indistinguishable  from  zero.  Since 
there  is  significant  variation  of  coherence  with  frequency,  the 
average  coherence  in  the  band  between  0.2  to  0.7  cph  was 
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Fig  7.  The  horizontal  coherence  of  vertical  displacement  MH(\ 
between  three  pairs  of  temperature  sensors  on  Al  and  A 2  separated 
horizontally  by  332  m  at  nearly  the  same  depth  Values  in  the  internal 
wave  frequency  band  (stars!  are  compared  with  the  MATF  model 
(solid  lines!  and  the  GM  model  (dashed  line!. 
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Fig.  X  Frequent)  spectra  of  the  clockwise  MS  and  the  counter¬ 
clockwise  VIS.  lolfset  by  a  factor  of  O  il  components  of  horizontal 
velocity  observed  from  Cl  at  1070  m  The  data  are  compared  with  the 
MATE  model  (solid  line!  and  the  (iM  model  idashed  line)  The  95''" 
confidence  limits  are  also  indicated 


same.  Above  the  fall-olT  al  N,  the  velocity  spectra  become 
whiter  due  to  the  effects  of  spectral  aliasing,  current  fine  struc¬ 
ture,  and.  or  array  motion. 

SPVRV 

Horizontal  temperature  profiles  were  measured  by  running 
SPURV  along  an  isobaric  trajectory  (1184  dbars)  In  the 
region  midway  between  the  two  seamounts,  two  11 -km  legs 
were  made  at  right  angles  (west-lo-east  followed  by  north-to- 
south)  to  test  horizontal  isotropy.  The  horizontal  wave 
number  spectra  (towed  spectra,  TS;)  for  the  two  legs  are 
shown  in  Figure  9  using  an  equivalent  vertical  displacement 
scale  based  on  the  mean  vertical  adiabatic  temperature  gradi¬ 
ent.  The  spectra  were  truncated  at  a  wave  number  where 
sensor  response  and  digitizing  effects  become  dominant.  At 
low  wave  number  the  spectra  exhibit  an  i  1  dependence.  At 
0.03  cpm  there  is  a  break  in  slope  followed  by  an  z  1  b  depen¬ 
dence  at  higher  wave  number.  The  lack  of  any  significant 
difference  between  the  spectra  is  consistent  with  a  horizontally 
isotropic  wave  field. 

Two  temperature  sensors  attached  to  SPURV  and  separat¬ 
ed  vertically  by  0.94  m  measured  the  coherence  in  horizontal 
wave  number  space  (towed  vertical  coherence.  TVC).  The 
TVC;  was  calculated  for  the  two  legs,  using  the  same  method 
described  for  the  MVC;,  and  plotted  in  Figure  10.  The  results 
from  the  north-south  and  east-west  legs  are  statistically  identi¬ 
cal.  The  TVC;  is  near  1  at  low  wave  numbers  and  drops  to 
near  zero  above  0.01  cpm. 


calculated  and  plotted  as  a  function  of  vertical  separation  in 
Figure  6b 

The  coherence  in  frequency  space  between  sensors  horizon¬ 
tally  separated  on  Al  and  A2  (moored  horizontal  coherence, 
MHC  )  was  calculated  in  a  manner  similar  to  the  MVC;.  The 
coherence  was  estimated  between  pairs  of  sensors  moored  at 
nearly  the  same  depth  at  the  horizontal  separation  of  332  m 
(Figure  7).  There  is  significant  coherence  above  /  to  nearly  1 
cph.  where  the  coherence  falls  to  the  bias  level. 

Moored  Current  Meter  Array 

The  current  meter  array  consisted  of  four  Aanderaa  current 
meters.  The  array  was  less  buoyant  than  either  of  the  temper¬ 
ature  arrays,  and  hence  larger  array  motion  was  expected. 
Because  there  was  no  pressure  sensor  on  this  array,  the  mag¬ 
nitude  of  the  vertical  motion  is  unknown.  The  location  of  the 
array,  which  had  no  tracking  transponder,  was  estimated  to  be 
about  500  m  west  of  A2. 

Spectra  were  calculated  using  the  rotary  representation  of 
the  velocity  vector.  Representative  rotary  spectra  from  1079  m 
(MS,  and  MS  for  the  counterclockwise  and  clockwise  com¬ 
ponents,  respectively!  are  shown  in  Figure  8.  There  is  a  sharp 
peak  at  the  inertial  frequency  as  well  as  at  the  diurnal  and 
semidurnal  tidal  frequencies.  The  inertial  peak  is  the  largest 
and  is  almost  entirely  in  the  clockwise  component  as  expected. 
An  additional  peak  is  seen  at  0.14  cph,  at  about  twice  the 
inertial  frequency.  This  peak  is  not  an  exact  harmonic  of 
either  the  inertial  peak  (which  is  observed  at  a  slightly  higher 
frequency  than  /)  or  the  semidiurnal  tidal  frequency,  and  its 
origin  is  unknown.  Above  /,  the  spectra  fall  off  smoothly 
toward  N,  where  there  is  a  slight  but  significant  break  in 
slope.  Approaching  N,  the  MS*  and  MS_  are  nearly  the 


Horizontol  Wavenumber  (cpm) 

Fig.  9  Horizontal  wave  number  spectra  of  vertical  displacement 
TS  observed  by  SPl'RV  during  horizontal  runs  oriented  north  to 
south  (solid  line)  and  west  to  east  (dotted  lincl  at  1184  dbar  The 
vertical  displacement  is  inferred  from  temperature  by  assuming  a  con¬ 
stant  vertical  adiabatic  temperature  gradient  of  I  64  x  10  1  O  m 
The  best  fit  to  x  ‘  over  the  wave  number  band  4  7  x  10  4  to  90 
x  10  ■’  cpm  is  shown  by  a  straight  solid  line  The  95",.  confidence 
limits  are  also  shown 
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Fig  10.  The  horizontal  wave  number  coherence  of  vertical  dis¬ 
placement  TVC  between  a  pair  of  temperature  sensors  separated 
vertical!)  by  0.94  m  on  SPl'RV  The  data  are  compared  with  the 
MATE  model  (section  5)  with  p  —  2.7  (solid  line)  and  the  GM  model 
with  p  =  TO  (dashed  linel. 


3.  Consistency  Relations 

Internal  wave  consistency  relationships  express  constraints 
between  the  horizontal  velocity  and  vertical  displacement 
fields  at  a  single  point.  Although  there  are  only  a  few  general 
relations,  they  are  worth  examining  because  they  are  indepen¬ 
dent  of  the  specific  spectral  composition  of  the  wave  field.  Two 
independent  consistency  relationships  are  applied  to  the 
MATE  data  set.  These  expressions  are  valid  for  a  sum  of  any 
number  of  waves  of  different  wave  numbers;  the  wave  field  is 
not  restricted  to  be  horizontally  or  vertically  isotropic.  The 
derivations  hinge  on  the  assumptions  that  the  wave  field  is 
linear  and  each  wave  component  is  independent. 

The  first,  originally  presented  by  Foftmofi  [  1 969],  relates  the 
potential  energy  to  horizontal  kinetic  energy: 

V:MS;(iu)  X-  cr-/-’ 

MS.Irul  +  MS, it'll  “  \-  -  t,,2  ur  +  f2  (  1 


As  id  •  I,  the  vertical  displacement  goes  to  zero,  and  as 
id  »  V.  the  horizontal  velocity  becomes  negligible.  To  com¬ 
pare  with  measurements  made  at  various  values  of  ,V(;).  the 
equation  is  rewritten 

,V2MS;(ru)  S2  —  id2  id2  —  f2  ^ 

MSjtu)  E  MS,(<>)  X1  =  a,2  +  f2  (2) 

The  left-hand  side  can  then  be  estimated  from  data  and  com¬ 
pared  with  the  right-hand  side 
The  other  expression  relates  the  ratio  of  the  counterclock¬ 
wise  to  clockwise  components  of  the  rotary  spectrum 


MS,  _  Up  -  f)1 
MS.  (<n+/)2 


13) 


This  relation  is  a  variation  of  the  “rotary  coefficient"  orig¬ 
inally  derived  by  Gonella  [1972]. 

These  relationships  arc  compared  with  data  from  the  four 
current  meters  on  Cl  and  the  one  on  top  of  A2.  The  observed 
ratio  of  potential  to  kinetic  energy  is  plotted  with  the  theoreti¬ 
cal  relation  (2)  in  Figure  llu.  The  amount  of  scatter  of  the 
data  is  reasonable  when  compared  with  the  confidence  limits. 


The  observed  ratio  of  the  rotary  spectra  MS ,  /MS  is  plot¬ 
ted  with  the  theoretical  result  in  Figure  1  lb.  At  high  frequency 
the  agreement  is  good:  however,  this  is  not  a  very  sensitive 
test  for  internal  waves,  since  the  ratio  for  random  noise  is  also 
1.  Below  about  0.16  eph  there  are  significant  deviations  from 
the  theory.  One  explanation  is  that  the  many  waves  of  differ¬ 
ent  horizontal  wavelengths  (modes)  at  tidal  frequency  are  not 
statistically  independent,  ff  the  nearby  seamounts  are  a  source 
of  internal  tide,  then  it  is  reasonable  to  expect  the  various 
wave  numbers  of  the  internal  tide  to  be  correlated,  thereby 
violating  one  of  the  assumptions  used  in  deriving  (3). 

4.  Spectral  Model 

We  introduce  a  modified  form  of  the  Garrett-Munk  internal 
wave  model  as  a  framework  for  comparing  the  variety  of  spa¬ 
tial  and  temporal  measurements  made  during  MATE.  The 
primary  alteration  of  the  GM  model  is  a  generalization  of  the 
frequency  dependence  of  the  spectrum  by  adding  a  parameter 
p.  which  specifies  the  frequency  spectral  slope.  This  modifi¬ 
cation  permits  a  closer  comparison  of  the  observations  with 
the  model.  Some  of  the  GM  parameters  are  redefined  to  iden¬ 
tify  explicitly  the  total  energy,  frequency  dependence,  and 
depth  scaling  in  the  analytical  expressions  of  the  spectral 
quantities. 

The  moored  spectra  of  both  vertical  displacement  MS;  and 


Fig.  llu 


Frequency  (eph) 


Fig.  I  lb 


Fig.  II.  (a)  The  ratio  of  potential  to  horizontal  kinetic  energy  and 
(/>)  the  ratio  of  counterclockwise  to  clockwise  components  of  horizon¬ 
tal  velocity  are  compared  with  the  theoretical  relationships  (solid 
line)  The  data  are  from  the  four  current  meters  on  Cl  and  the  one  on 
lop  of  A2.  The  95"..  confidence  limits  (dashed  lines)  are  also  shown 


L. I  V  INK  FT  A1  . :  INTFKNAI  WAVF  f  II  I  1)  Dl  KINO  MAI'I' 


97 1 A 


horizontal  velocity  MSU  are  written  in  the  following  form: 

2  +  l#D2  -  1)  1  ZQ 


mi- 


=  MS,.(<j) 


Jf 

|fi2  -  1)'  2' 


Jf 


Hi  ^ 


(4) 

(5) 


where  ii  =  io  f.  These  expressions  can  easily  be  derived  from 
the  GM  formulation  [eg.,  Munk.  1981],  The  first  bracketted 
factor  on  the  right-hand  side  of  (4)  and  (5)  represents  the  depth 
sealing  referenced  to  frequency  .V  (modified  WKB  approxi¬ 
mation  used  by  GM).  The  quantity  £  is  the  total  internal 
wave  energy  per  unit  mass  scaled  to  the  reference  frequency 
R :  quantities  marked  by  tildes  are  referenced  to  a  depth  where 
,V(rl  =  R.  We  choose  V  to  be  1.74  x  10  J  s  '  (I  cph).  a 
reasonable  scale  in  the  deep  ocean.  The  choice  of  R  is  not 
critical,  as  it  just  serves  as  a  common  reference  to  compare 
measurements  made  at  different  buoyancy  frequencies.  The 
second  bracketted  term  contains  the  frequency  dependence  as 
given  by  GM  with  the  addition  of  the  parameter  p  (in  the  GM 
model  p  =  3)  At  frequencies  much  greater  than  f.  both  MS„ 
and  MS.  have  <•>  p  '  '  frequency  dependence.  The  nondimen- 
sional  normalization  factor  J  is  defined  so  that  the  total  inter¬ 
nal  wave  energy  per  unit  mass  (J  kg)  over  all  frequencies  at  a 
local  buoyancy  frequency  of  Mr)  is  given  by 


£[.V(:|  \]  -  -  [MS„  +  MS,  +  ,V2MS;]  dco  (6) 


explicitly. 


l''  1 

j,  0 


2  '(ft2  -  I )  1  2  t/ft 


(71 


Note  that  the  contribution  to  the  kinetic  energy  from  the 
vertical  velocity  has  been  neglected  in  accordance  with  the 
approximation  ( V2  -  n2)  -■  V2  assumed  by  GM  (for  a  dis¬ 
cussion  of  the  model  for  o  -  Nlrt.  see  Desauhies  [1975]). 

T  he  energy  £  is  related  to  the  parameters  of  the  GM  model 
by  equating  total  energy  per  unit  mass  [Monk.  1981], 

[£  .VJM--I  -  [£h\V„],V(.- )  (81 

£  -  £h2\0.V  (9) 

where  the  GM  parameter  £  is  the  dimensionless  energy  level. 
b  is  the  depth  scale  of  .V ( r ).  and  ,V„  is  the  buoyancy  frequency 
scale.  (Note  that  in  the  notation  of  Desauhies  [1976],  r  = 
£h2.V »:  hence  r  —  £  R.)  Using  the  GM  values  of  £  —  6.3 

x  10  5.  b  =  1 300  m.  and  ,V„  =  5.23  x  10  3  s  1  (3  cph)  yields 

a  value  of  £  =  9.7  x  10  4  J  kg. 

To  describe  the  partition  of  energy  in  wave  number  space, 
we  choose  the  analytically  convenient  functional  form  of  the 
GM  model  given  by  Desauhies  [1976],  The  GM  parameter  j,. 
specifying  the  equivalent  number  of  vertical  modes,  always 
appears  in  conjunction  with  other  parameters.  This  combi¬ 
nation  of  parameters  has  been  defined  by  Desauhies  [1976] 


TS(x)  - 


I  i/wMS  ((/j)  (4x  rt2)  f  - — 

Jr  ’  L  J,  <*.- 


d>t 


1)2) 

where  and  / lt  arc  the  horizontal  and  vertical  wave  number 
scales  given  by  t(r)2  -/2)12  and  t(N2  -  or)1  2.  respectively 
[Desauhies.  1976],  The  factors  [  ]  are  the  distribution  of  the 

energy  density  in  wave  number  space  at  frequency  to  and 
are  normalized  such  that  the  integrals  j[  ]d(i  =  1  and 
jt  ]dx  =  U  In  the  TS;  the  factor  [  ]  is  the  sum  of  the 

energy  contribution  to  the  one-dimensional  wave  number  x 
from  all  wave  numbers  greater  than  a  in  a  horizontally  iso¬ 
tropic  wave  field.  At  high  wave  number,  ft  »  fi,  and  x  »  xt. 
both  spectra  are  proportional  to  r  for  any  value  of  p : 

DS  ffl^BifT2  (13) 

TS;(x)  =  Crx  2  (14) 

where 

2  P 

B  =  -  (JV2  -  to2 ) 1  2 MS-(rrj)  dm  (15) 

71  Jf 

C  =  (4/jt2)  j"  (co2 -f2)'  2MS^(u)  da)  (16) 

Analytical  expressions  for  the  GM  frequency  dependence  of 

p  =  3  are 


B  =  (£/rr/VX  1  —  v)2  (17) 

C  =  (8£V(V)v[*|v2  -  1)-  In  v]  (18) 


where  cs/,V.  For  arbitrary  p,  values  of  C  were  evaluated 
analytically,  while  the  integrals  needed  to  calculate  B  required 
numerical  integration. 

The  moored  vertical  and  horizontal  coherences  (MVC  and 
MHC)  are  independent  of  £  and  p.  These  quantities  depend 
only  on  the  parameter  i  and  can  be  written  [Desauhies.  1976] 


MVC  .(<•))  =  exp  [ -(.V2  -  or)1  2r Ac]  (19) 

MHC><)  -  /()( H )  -  £„(//)  (20) 


where  H  -  /MQ2  -  1)'  2A\.  Ax  (A;)  is  the  horizontal  (vertical) 
separation.  /„  is  the  modified  Bessel  function,  and  £„  is  the 
Struve  function 

The  towed  vertical  coherence  (TVCl  is  not  a  function  of  £ 
or  t  but  in  this  parameterization  depends  only  upon  the  verti¬ 
cal  separation  A:  and  the  parameter  p.  Modifying  the  ex¬ 
pression  given  by  Desauhies  (  1976]  to  include  the  parameter  p. 
the  TVC  can  be  written 


TVC-(x:  Ac)  =  - 


rs;  J, 


til  l  MS  |n) 


(4x,  rrl  - t 

L  J.  <*.* 


cos  (Or))  d>t 


+  tpK -  x2)'  2 


(21) 


1  =  tr/*  V„h  m  1  s  (10) 

For  the  GM  value  of  /,  =  3.  the  quantity  r  =  1.39  m  1  s. 

The  vertical  and  horizontal  wave  number  spectra  of  dis¬ 
placement  can  then  be  written  as 

f?S;(//l  -  (  <l<oMSdm)[C  x)/U<l),2  +  /£>  ']  HI) 


where 


0  = 


To  evaluation  for  arbitrary  p.  numerical  integration  of  the 
double  integral  was  required. 

A  summary  of  the  dependences  of  the  statistical  quantities 
on  the  parameters  £.  t.  and  p  is  presented  in  Table  1. 
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TABLE  1.  Dependences  of  Statistical  Quantities  on  Model 
Parameters 

Model  Parameter 


F.  I  Fi  p 

MS„  X  X 

MS  X  X 

TS.'  X  X 

DS  X  X 

MVC  X 

MHC  X 

TVC  "  X 


An  X  Indicates  that  the  quant  ilv  Is  a  function  of  that  model  param- 


5.  Comparison  of  Data  With  Sputrai.  Model 

In  this  section  the  data  presented  in  section  2  are  compared 
with  the  theoretical  formulation  presented  in  section  4.  There 
are  three  independent  parameters,  R.  r,  and  p,  that  must  he 
chosen  to  completely  specify  the  spectral  behavior  of  the 
model  These  parameters  are  selected  to  fit  in  an  optimum 
way  the  many  statistical  quantities  measured  simultaneously 
during  MATH.  Because  of  the  variety  of  measurements,  sev¬ 
eral  independent  determinations  of  each  parameter  tire  possi¬ 
ble.  Both  MS-  and  MS„  provide  estimates  of  E.  the  moored 
vertical  and  horizontal  coherences  (MVC  and  MHC)  allow 
estimation  of  t.  and  the  DS;  and  TS  yield  values  of  the  prod¬ 
uct  El  (Table  1 1.  These  quantities  are  all  dependent  upon  p. 
The  value  of  p  can  be  determined  directly  from  the  slope  of 
the  frequency  spectra  of  velocity  and  displacement:  the  TVC 
is  also  a  function  of  p  independent  of  E  and  t.  Consistency 
among  estimates  of  E,  t.  and  p  is  then  used  to  verify  the 
behavior  of  the  model. 

Fstimates  of  E  from  moored  spectra  are  found  by  mini¬ 
mizing  the  squared  difference  c  between  the  logarithm  of  the 
observed  spectrum  and  the  logarithm  of  the  model  spectrum. 
Specifically. 

ri _ L  v  v  ( lo^  •s..h-(ro  '9.i  -  |og  s, . 1,-iC^  coy 

m k  m“,  \  log  r/4f»mn  ) 

(22) 

where  <■>„)  and  Sm„j mj  are  the  observed  and 

model  spectra,  respectively,  at  depth  :t  over  a  frequency  band 
centered  at  nm  The  function  Simraltl  for  vertical  displacement  is 
MS;  (5)  and  for  total  horizontal  velocity  is  MS.  +  MS,  (4). 
The  quantity  r.2  is  the  average  squared  error  over  M  frequency 
bands  and  K  depths  The  function  is  the  length  of  the 

95"..  confidence  band  of  ,S'oh,:  its  purpose  is  to  give  more 
weight  to  spectral  estimates  of  higher  statistical  confidence 
[Levine  ft  at..  198.1], 

The  best  fit  values  of  E  as  a  function  of  p  are  shown  in 
Figure  I2u.  These  results  are  based  on  data  from  seven  depths 
for  displacement  and  five  depths  for  velocity  (88.1  1271  m). 
The  fit  is  made  over  the  internal  wave  frequency  band  from 
0.2  to  0.7  eph:  this  is  die  center  of  the  continuum  away  from 
the  buoyancy  frequency  and  the  internal  tide.  The  minimum 
squared  error  r.2  occurs  at  p  -  2.5  2.7  for  displacement  and 
p  —  2.65  2.85  for  velocity,  although  the  precise  locations  of 
the  minima  arc  somewhat  vague  (Figure  12u).  As  a  com¬ 
promise.  the  value  of  p  —  2.7  is  chosen  for  overall  best  fit.  and 
the  spectral  models  of  both  displacement  and  velocity  for  (his 


1.5  2.0  2.5  5.0  3.5 

P 


Fig.  I2u 


t  .5  2.0  2.5  3.0  3.5 
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Fig.  126 
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P 

Fig.  12. 


Fig  12  Fstimates  of  the  model  parameters  F.  F.i.  and  t  from  the 
MATE  data.  The  overall  best  til  values  are  shown  as  solid  circles;  for 
comparison,  die  CT\1  values  are  also  indicated  (open  cirelesl  (a)  The 
best  til  values  of  E  as  a  function  of  p  Direct  estimates  from  spectra  of 
vertical  displacement  MS  and  horizontal  velocity  MS.  are  shown  as 
solid  lines.  Indirect  estimates  of  F.  using  direct  estimates  of  Ft  from 
PS  and  IS  .  and  r  from  MVC’  and  MHC  are  shown  as  dashed  lines, 
the  squared  error  i.:  (22)  of  the  lit  is  shown  in  the  inset,  (hi  The  best 
(it  values  of  /  as  a  function  of  p.  Direct  estimates  from  vertical  and 
horizontal  coherences.  MVC  and  MHC.  are  shown  as  a  solid  line 
Indirect  estimates  of  i  using  direct  estimates  of  F.r  front  DS.  and  TS-. 
and  F  from  vertical  displacement  and  horizontal  velocity  spectra.  MS 
and  MS..  are  shown  as  dashed  lines,  (cl  The  best  lit  values  of  Fi  as  a 
function  of  p  Direct  estimates  from  vertical  and  horizontal  wave 
number  spectra.  DS.  and  TS  .  are  shown  as  solid  lines.  Indirect  esti¬ 
mates  of  Ft  using  direct  estimates  of  /.  from  MS  and  MS.,  and  r  from 
MVC  and  MHC  are  shown  as  dashed  lines 


value  are  plotted  with  the  observed  spectra  in  Figures  5  and  8. 
It  is  clear  front  the  figures  that  the  spectral  slope  of  p  =  2.7  is 
a  better  fit  than  the  p  —  3  of  the  GM  model.  The  TVC  also 
provides  an  estimate  of  p  independent  of  E  and  /  The  cohcr- 
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cnee  data  compare  more  favorably  with  the  value  of  />  =  2.7 
than  the  GM  model  value  (Figure  10) 

The  MVC  and  MHC;  are  used  to  determine  the  best  value 
of  i.  since  they  are  both  independent  of  p  and  £.  The  model 
MVC;  is  also  independent  of  frequency.  Even  though  the  ob¬ 
served  MVC  show  signilieant  fluctuations  in  frequency 
(Figure  6u).  average  values  for  the  band  0.2  0.7  eph  were  cal¬ 
culated  to  compare  with  the  model  for  all  possible  vertical 
separations  (Figure  6/>).  At  large  vertical  separations  the  co¬ 
herence  squared  approaches  the  bias  level;  estimates  near  0.1 
are  not  significantly  different  from  zero.  The  model  results  (19) 
are  also  plotted  in  Figure  6b  for  a  range  of  values  of  r  = 
2.5  3.6  m  '  s  and  AT  =  1.74  2.35  x  10  ’  s  '  (1.0  1.35  eph): 
the  GM  value  of  l  =  1.39  m  1  s  ( jt  =  3)  is  also  shown.  While 
there  is  large  scatter  in  the  data,  it  is  clear  that  t  =  2.5- 3.6 
m  1  s  fits  better  than  the  GM  values  The  model  MFfC;  (20)  is 
compared  with  the  observations  at  the  only  horizontal  separa¬ 
tion  of  332  m  in  Figure  7.  The  data  are  less  coherent  at  a 
given  frequency  than  predicted  by  the  GM  model.  The  ob¬ 
served  horizontal  coherences  are  remarkably  consistent  with 
the  same  range  of  t  of  2.5-  3.6  m  '  s  that  fits  the  vertical 
coherences.  Although  it  is  difficult  to  estimate  a  precise  value 
of  t  from  these  coherences,  the  average  value  of  3.1  m  1  s  is 
plotted  in  Figure  12b  along  with  the  GM  result 

The  product  El  is  estimated  independently  from  the  level  of 
the  TS;.  from  horizontal  profiles  made  by  SPURV,  and  the 
DS  .  from  vertical  profiles  made  with  the  CTDSV.  To  fit  the 
TS;.  the  model  spectral  shape  x  2  (14)  was  fit  to  the  observa¬ 
tions.  minimizing  a  squared  error  defined  in  an  analogous 
manner  to  (201  over  the  wave  numbers  4.7  x  10  4  to  9.0 
x  10  ■'  cpm  (Figure  9).  The  fit  was  not  extended  beyond 
10  •  cpm  because  the  wave  number  dependence  of  the  spec¬ 
trum  changes,  and  these  wavelengths  arc  probably  too  small 
to  be  modeled  reasonably  by  a  linear  model.  The  estimates  of 
El  are  plotted  as  a  function  of  p  in  Figure  12c.  A  similar 
approach  could  be  used  to  obtained  Ei  from  the  DS  ;  how¬ 
ever.  instead  we  use  the  results  from  the  detailed  analysis  of 
Lcrint’  amt  Irish  f  1 VJ5 1  ].  They  used  the  same  data  set  and 
included  the  effects  of  temperature  fine  structure  in  the  pres¬ 
ence  of  the  internal  wave  field.  It  was  found  that  approxi¬ 
mately  1  2  of  the  DS  from  wave  numbers  0.004  to  0.05  cpm  at 
1013-m  depth  was  caused  by  internal  waves,  while  the  remain¬ 
der  was  temperature  fine  structure.  Estimates  of  El  were  ob¬ 
tained  using  their  value  for  the  level  of  the  uncontaminated 
DS;  and  are  also  plotted  in  F  igure  12c. 

The  consistency  among  the  independent  estimates  of  E.  t. 
and  the  product  El  can  be  checked,  since  any  two  quantities 
can  be  used  to  calculate  the  third.  Direct  estimates  of  El  from 
TS;  and  DS;  (Figure  12c)  and  r  =  3.1  m  1  s  from  the  MVC 
and  MHC  (Figure  12b)  yield  indirect  estimates  of  E.  plotted 
as  a  dashed  line  in  Figure  12u.  Similarly,  the  indirect  estimates 
of  El.  from  direct  estimates  of  E  and  f.  are  displayed  in  Figure 
12c.  and  indirect  estimates  of  t.  from  direct  estimates  of  El  and 
E.  are  shown  in  Figure  12b.  The  agreement  is  remarkably 
good  among  all  the  measurements  for  p  =  2.1  -  better  than  a 
factor  of  2. 

6.  Discussion 

To  put  the  observations  made  during  MATE  into  per¬ 
spective.  we  briefly  survey  the  historical  set  of  internal  wave 
observations.  The  major  features  of  the  wave  field  as  observed 
in  most  internal  wave  studies  can  be  reasonably  described  by 
the  GM  spectrum.  The  GM  model  serves  as  a  benchmaik  that 


can  easily  be  related  to  other  observations.  Systematic  dis¬ 
cussions  of  the  historical  data  are  presented  by  W'uii.vch 
[1976],  Wunsch  ami  Webb  [1979],  Roth  el  al.  [1981],  and 
Levine  el  al.  [  1985], 

In  terms  of  total  energy  per  unit  volume,  the  internal  wave 
field  during  MATE  agrees  with  the  GM  level  and  falls  in  the 
middle  among  historical  values  [Levine  el  at..  1985],  Near 
steep  topographic  features  such  as  Muir  Seamounts.  Hydro- 
grapher  Canyon  [Wunsch.  1976],  and  Hudson  Canyon 
[ Hotchkiss  amt  Wunsch.  1982]  the  energy  in  the  wave  fields  is 
significantly  higher  by  a  factor  of  2  50  than  the  GM  level.  At 
MATE  the  effect  of  the  nearby  seamounts  (9  km  away  I  on  the 
background  energy  is  apparently  not  significant. 

The  frequency  spectral  slope  to  p in  the  internal  wave 
band  at  to  >/  was  found  to  be  consistent  with  p  =  2.7.  This  is 
slightly  less  steep  than  the  canonical  GM  value  of  p  =  3. 
However,  other  studies  have  noted  that  a  dependence  less 
steep  than  to  2  generally  fits  moored  spectral  data  better  [e.g.. 
W  iui.vch.  1976;  Inline  el  al.,  1983].  The  modified  GM  model 
allows  the  variation  of  the  parameter  p  to  be  tested  by  all 
relevant  statistical  quantities,  not  just  the  slope  of  the  fre¬ 
quency  spectrum  itself;  there  is  significant  improvement  be¬ 
tween  data  and  theory  at  MATE  with  p  =  2.7. 

The  parameter  t,  which  is  directly  related  to  the  equivalent 
number  of  modes  jt.  sets  the  wave  number  bandwidth  in  the 
GM  model.  At  MATE  the  best  fit  value  of  i  =  3.1  m  1  s 
(/*  =  6)  is  a  factor  of  2  higher  than  the  canonical  GM  value. 
There  arc  not  many  accurate  determinations  of  i.  so  (he 
number  of  good  comparisons  are  limited.  The  best  compari¬ 
son  is  with  the  results  from  the  extensive  measurements  made 
during  the  Internal  Wave  Experiment  (IWHX)  [Briscoe.  1975. 
Muller  ei  al..  1978].  The  1WEX  model  allows  t  to  be  a  func¬ 
tion  of  frequency.  To  examine  results  from  models  with  slight¬ 
ly  different  parameterizations.  it  is  most  useful  to  use  "equiva¬ 
lent  bandwidth"  when  comparing  results  [see  Muller  el  al  . 
1978.  p.  492].  The  IWEX  results,  when  converted  to  units  of  i. 
show  a  decrease  from  f  =  3.3  m  1  s  (jt  =  6.4)  at  low  frequency 
to  r  =  1.7  m  1  s  (/„  =■  3.2)  near  .V.  In  the  frequency  band 
where  the  MATE  data  were  fit,  above  the  tide  and  below  V. 
the  IWEX  value  of  t  =  2.4  m  1  s  (jt  =  4.7)  falls  between  the 
MATE  and  GM  value.  If  a  value  of  t  had  been  estimated  at 
high-frequency  near  S  for  MATE,  a  lower  value  of  /  would 
result  due  to  the  high  coherence  near  A  (Figure  61.  This  fea¬ 
ture  is  consistent  with  the  decrease  in  t  at  high  frequency  in 
the  IWEX  model 

The  modfied  GM  model  presented  here  is  still  admittedly 
crude — only  three  parameters  to  define  the  statistics  of  the 
internal  wave  field  However.  i(  does  permit  a  more  accurate 
representation  of  the  internal  wave  field  al  MATE  than  the 
GM  model.  The  formalism  can  also  be  applied  to  other  obser¬ 
vations  where  the  frequency  spectral  slope  differs  from  to  ;. 

The  spectral  description  of  the  internal  waves  at  MATE 
may  provide  useful  information  to  theoreticians  seeking  the 
best  kinematic  formulation  of  the  wave  field  to  test  theories  of 
internal  wave  dynamics  During  the  last  10  years  there  has 
been  considerable  effort  in  try  ing  to  understand  the  dy  namics 
of  a  random  sea  of  internal  grav  ity  waves.  A  variety  of  theo¬ 
retical  techniques  have  been  used  to  study  nonlinear  interac¬ 
tions  among  internal  waves  (see  HV.vt  [1981]  and  Muller  el  al. 
[1986]  for  reviews  of  (he  topic)  To  relate  their  results  to  the 
ocean,  some  form  of  the  GM  model  is  usually  used  as  the  base 
state  of  the  oceanic  internal  wave  field  Transfers  among  wave 
components  in  frequency  wave  number  space  by  nonlinear  in¬ 
teraction  are  then  estimated.  If  a  different  base  state  of  the 
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internal  wave  field  were  chosen,  such  as  that  found  during 
MATH,  then  some  of  the  theoretical  results  may  he  modified. 
However,  due  to  the  complexity  of  these  theories,  further  in¬ 
vestigation  is  necessary  to  determine  if  the  modifications 
would  he  significant. 

l  ittle  has  heen  mentioned  about  the  effect  of  noninternal 
wave  fine  structure  on  the  results  of  this  analysis.  From  the 
detailed  study  of  temperature  fine  structure  by  Levine  and 
Irish  [1981],  we  conclude  that  the  moored  vertical  displace¬ 
ment  spectrum  MS;  is  essentially  uncontaminated  by  fine 
structure  The  internal  wave  signal  was  found  to  be  a  factor  of 
10  higher  than  the  fine  structure  contamination  in  the  internal 
wave  frequency  band:  this  agrees  quantitatively  with  the  re¬ 
sults  from  IWh'X  [ Muller  ei  al..  1078],  The  moored  vertical 
coherences  M  VC  also  were  found  to  be  unaffected  by  fine 
structure  at  vertical  separations  greater  than  10  m.  However, 
the  effects  of  fine  structure  are  significant  at  high  wave  num¬ 
bers  in  estimates  of  dropped  spectra  DS;  inferred  from  temper¬ 
ature  measurements,  and  this  effect  has  been  taken  into  ac¬ 
count.  No  estimate  of  the  importance  of  current  fine  structure 
m  the  velocity  observations  has  been  made.  However,  if  we 
apply  the  results  front  1WEX  to  the  MATE  data,  then  the 
contamination  in  the  moored  velocity  spectrum  MS„  is  a 
factor  of  2  3  below  the  internal  wave  signal  over  most  of  the 
internal  wave  frequency  band.  Near  V.  however,  the  fine 
structure  ellects  may  actually  dominate.  If  one  uses  this  esti¬ 
mate  of  current  fine  structure  and  removes  it  from  our  spectral 
estimates,  the  elfeet  on  the  overall  tit  would  be  relatively  small 
and  would  not  significantly  all'ect  our  conclusions. 

7.  St  mm  vm  ami  Com  t  i  sion 

The  unique  feature  of  the  MATE  internal  wave  study  was 
the  acquisition  of  lowed  and  dropped  measurements  simulta¬ 
neously  with  moored  observations.  This  permits  careful  exam¬ 
ination  of  internal  wave  statistics  in  frequency  and  vertical 
and  horizontal  wave  number.  A  generalized  formulation  of  the 
Garretl-Munk  spectral  model  was  used  as  a  framework  for 
comparing  these  diverse  observations.  In  this  modified  version 
of  the  GM  model,  three  parameters,  p.  E.  and  l.  are  needed  to 
specify  the  entire  spectral  behavior.  The  parameter  p  sets  the 
frequency  dependence:  the  spectral  behavior  for  both  horizon¬ 
tal  velocity  and  vertical  displacement  is  n  r'  '  at  to  >  /.  The 
quantity  F  is  the  total  energy  of  the  internal  wave  field  per 
unit  mass  at  the  reference  buoyancy  frequency  V:  it  appears 
as  a  factor  in  the  expression  for  all  spectral  quantities  1(4).  (5). 
(III.  1 12))  We  choose  the  value  of  V  =  1.74  x  10  '  s  1  (I 
cphl  as  a  reasonable  scale  The  parameter  t  sets  the  wave 
number  bandwidth  of  the  wave  field,  thereby  controlling  the 
spatial  coherence  scales  and  the  vertical  and  horizontal  wave 
number  spectra  Expressed  in  terms  of  the  GM  parameters  E. 
h.  and  /„. 

E  V  -  £V.\„ 
t  =-«i*  V„A 

This  model  would  be  useful  to  apply  to  other  observations 
where  the  value  of  p  differs  from  the  GM  value 

Independent  observations  made  during  MATE  were  used  to 
determine  /',  i.  and  the  product  Fit.  directly  The  best  fit  of  the 
data  to  the  spectral  model  is  summarized  in  Figure  12  as  a 
function  of  p.  The  directly  determined  value  of  F.  from 
moored  spectra  of  displacement  and  velocity,  had  the  least 
error  i.:  for  a  value  of  p  -  2.7.  significantly  less  than  the  GM 
value  of  p  =  3  (Figure  1 2a).  However,  the  value  of  F.  —  X 


x  10  J  J  kg  at  p  -  2.7  is  in  good  agreement  with  the  GM 
model  (about  10"..  lower).  Indirectly  inferred  values  of  E  from 
estimates  of  /  and  lit  from  coherences  and  wave  number  spec¬ 
tra  are  consistent  with  the  directly  measured  F  (Figure  12<i). 

The  directly  determined  value  of  t  from  the  moored  coher¬ 
ences  is  independent  of  p  and  estimated  to  be  3.1  m  1  s 
(Figure  12b).  This  is  about  a  factor  of  2  larger  than  the  GM 
value  (equivalent  to  a  jt  —  6  in  the  GM  model).  Indirectly 
inferred  values  of  t  from  directly  determined  El  and  £  are 
consistent  and  distinctly  higher  than  the  GM  level. 

Direct  measurements  of  Ft  from  both  vertical  and  horizon¬ 
tal  wave  number  spectra  are  nearly  equal  at  p  =  2.7  (Figure 
12c).  Indirect  estimates  are  consistent  and  about  twice  the  GM 
value. 

An  independent  verification  of  the  parameterization  of  the 
inlernal  wave  field  is  provided  by  the  acoustic  experiment. 
MATE,  was  a  unique  experiment,  designed  to  test  our  ability 
to  relate  observed  internal  wave  fluctuations  to  simultaneous¬ 
ly  measured  acoustic  variability.  The  acoustic  experiment  con¬ 
sisted  of  observations  of  pulses  at  2.  4.  8.  and  13  kHz.  trans¬ 
mitted  over  a  fixed  18. 1 -km  path  between  towers  anchored  on 
the  two  seamounts.  I'he  data  were  reduced  to  time  series  of 
pulse  amplitude  and  travel  time.  The  temporal  fluctuations  of 
the  acoustic  signals  were  due  primarily  to  the  oscillations  of 
the  sound  speed  field  caused  by  tides,  internal  waves,  and  fine 
structure.  The  statistical  description  of  the  internal  wave  field 
presented  here  is  used  as  input  to  acoustic  theories,  which  can 
then  be  verified  using  the  observed  amplitude  and  travel  time 
statistics.  The  observed  travel  time  fluctuations  agree  well  with 
the  predictions  using  the  description  of  the  internal  waves 
provided  by  the  MATE  model  [Enart  anti  Reynolds.  1984], 
There  is  significant  improvement  using  the  spectral  slope 
p  -  2.7  and  bandwidth  t  =  3. 1  m  1  s  (jt  -  6)  compared  with 
the  cannonical  GM  values.  This  independent  sampling  of  the 
wave  field  increases  confidence  in  the  validity  of  the  MATE 
model. 

There  are  perhaps  two  perspectives  with  which  to  view 
these  results.  The  internal  wave  speeialist  would  stress  the 
deviations  from  the  GM  model:  (1)  frequency  spectral  slope 
to  1  Ip  =  2.7)  at  high  frequency  rather  than  <u“ :  (p  -  3)  and 
(2)  value  of  t  about  twice  the  GM  value  (/„  =  6).  Certainly 
deviations  from  the  GM  model,  of  this  magnitude  and  larger, 
have  been  reported  previously  [e  g..  Wunsch  and  H  ehh.  1979] 
But  often  only  one  or  two  types  of  measurements  are  avail¬ 
able.  and  usually  it  cannot  be  determined  if  the  deviations  are 
consistent  with  internal  vaves  or  due  to  some  other  processes. 
Because  of  the  variety  of  towed,  dropped,  and  moored  obser¬ 
vations  at  MATE,  the  parameters  were  evaluated  from  inde¬ 
pendent  measurements  and  found  to  be  consistent  with  the 
kinematics  of  internal  waves. 

The  generalist  would  note  that  the  observations  are  still 
remarkably  similar  to  the  GM  “universal"  spectrum  that  was 
originally  derived  from  fits  to  data  taken  at  vastly  different 
times  and  places.  From  this  viewpoint  the  experiment  can  be 
seen  as  contributing  another  piece  of  ev  idence  to  better  define 
the  internal  wave  climatology.  It  is  perhaps  surprising  (hat  the 
deviations  are  so  small  given  that  MATE  was  a  single  experi¬ 
ment  lasting  less  than  I  month  in  a  unique  topographic  set¬ 
ting. 
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ABSTRACr 

The  currents  observed  over  the  shelf  and  slope  during  the  Australian  Coastal  Experiment  (ACE)  are  used  to 
determine  the  amplitudes  (as  functions  of  time)  of  the  first  three  coastal-trapped  wave  (CTW)  modes  at  three 
locations  along  the  southeast  coast  of  Australia.  A  statistical  "eddy"  mode  is  included  to  minimize  contamination 
of  the  coastal-trapped  wave  currents  from  East  Australian  Current  eddies.  The  first  three  CTW  modes  account 
for  about  65'’i  of  the  observed  variance  in  the  alongshelf  currents  on  the  shelf  and  slope  at  Cape  Howe,  about 
40')  at  Stanwell  Park,  but  only  about  24";  at  Newcastle.  Currents  associated  with  the  East  Australian  Current 
dominate  the  observations  offshore  from  Newcastle.  CTWs  account  for  all  but  10").  37";  and  2  7")  of  the  currents 
observed  at  the  most  nearshore  locations  on  the  shelf  at  Cape  Howe.  Stanwell  Park  and  Newcastle.  The  first 
two  coastal-trapped  wave  modes  propagate  at  close  to  the  appropriate  theoretical  phase  speeds,  but  the  third 
coastal-trapped  wave  mode  and  the  eddy  mode  are  not  coherent  between  the  three  current  meter  sections  along 
the  coast  Surprisingly,  mode  2  carries  a  greater  fraction  of  the  coastal-trapped  wave  energy  than  does  mode  I 
at  two  of  the  sections.  Modes  I  and  2  are  coherent  with  each  other  at  the  95")  significance  level.  The  major 
energy  source  for  the  CTWs  is  upstream  (in  the  CTW  sense)  of  the  first  line  of  current  meters. 


I.  Introduction 

Since  the  early  observational  work  of  Hatnon  (1962) 
and  the  explanation  of  these  observations  as  continental 
shell  waves  (Robinson.  1964),  there  have  been  exten¬ 
sive  theoretical  developments  and  numerous  obser¬ 
vations  of  alongshore  propagation  of  sea  level  and  cur¬ 
rent  perturbations  (see  Mysak's.  1980.  review).  How¬ 
ever,  until  ihe  Australian  Coastal  Experiment  (ACE) 
of  1984  84.  no  specific  search  was  made  for  the  along¬ 
shelf  propagation  of  coastal-trapped  wave  (CTW) 
modes  All  earlier  studies  of  CTWs  assumed  that  the 
first  mode  was  dominant  T  he  only  attempt  to  fit  the 
dy  numic  modes  to  data  was  made  by  Hsieh  ( 1982a,b). 
In  fitting  barotropie  dynamic  modes  to  the  data  off 
Oregon.  Hsieh  ( 1982a)  found  the  second  mode  to  be 
dominant.  However,  this  result  is  disputed  by  Denbo 
and  Allen  (1984).  Yao  et  al.  (1984)  attempted  to  fit 
haroelinic  modes  to  data  off  Vancouver  Island,  but  the 
modes  could  not  be  unambiguously  identified  because 
the  database  was  inadequate. 

The  Australian  Coastal  Experiment,  described  in 
Freeland  et  al.  (1986).  was  specifically  designed  to 
search  for  CTWs.  Freeland  et  al  ( 1986)  use  the  ACE 
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data  to  identify,  in  the  frequency  domain,  the  first  three 
CTW’  modes  at  each  of  three  locations  along  the  south¬ 
eastern  coast  of  Australia.  They  use  the  phase  difference 
between  the  eigenfunction  amplitudes  at  different  lo¬ 
cations  to  construct  a  dispersion  diagram  for  the  first 
three  CTW  modes.  Although  these  dispersion  curves 
are  somewhat  steeper  than  the  theoretical  curves,  they 
are  convincing  evidence  for  the  presence  of  the  first 
three  CTW  modes.  In  contrastto  the  local  wind-driven 
CTWs  described  by  Clarke  and  Thompson  (1984). 
Freeland  et  al.  (1986)  found  the  ACE  region  to  be 
dominated  by  free  waves  originating  further  back  along 
the  wave  guide  but  modified  by  the  local  winds.  For 
the  Freeland  et  al.  analysis  to  work,  the  response  must 
be  dominated  by  free  waves  as  any  local  w  ind  forcing 
will  introduce  a  bias  into  their  results. 

In  this  paper,  we  use  the  ACE  dataset  to  determine 
the  amplitude  of  CTW  modes  at  three  locations  off 
southeastern  Australia  and  to  look  for  alongshelf  prop¬ 
agation  of  these  modes.  The  theory  used  in  this  paper 
and  in  Part  II  (Church  et  al.,  1986,  hereafter  referred 
to  as  Part  11)  is  summarized  in  the  Appendix,  and  the 
data  is  briefly  described  in  section  2.  The  observed 
alongshelf  currents  are  expanded  in  terms  of  the  first 
three  CTW  eigenfunctions  and  a  statistical  “eddy 
mode"  for  each  of  three  current  meter  sections,  and 
for  each  half  day  of  the  six-month  record  (section  3). 
Note  that,  unlike  Freeland  et  al.  (1986).  we  determine 
the  amplitude  of  the  first  three  CTW  modes  in  the  time 
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domain  rather  than  the  frequency  domain.  Our  differ¬ 
ent  method  of  analysis,  which  gives  results  slightly  dif¬ 
ferent  from  those  of  Freeland  et  al..  allows  us  to  ex¬ 
amine  the  relationships  between  the  various  CTW  am¬ 
plitudes  and  their  relationships  with  the  observed 
alongshelf  wind  stress.  Two  other  reasons  for  com¬ 
pleting  this  analysis  in  the  time  (rather  than  the  fre¬ 
quency)  domain  is  that  the  model  amplitudes  are 
needed  for  boundary  conditions  for  a  time  domain 
model  (Part  II)  and  because  we  feel  this  method  is  less 
biased  by  local  wind  forcing  than  are  the  results  of 
Freeland  et  al.  In  section  4.  cross  spectra  between  the 
modal  amplitude  time  series  are  used  to  derive  the  dis¬ 
persion  curves  for  the  first  two  CTW  eigenfunctions 
and  to  show  that  the  eddy  mode  does  not  propagate 
along  the  shelf.  The  fact  that  the  resultant  dispersion 
curves  are  not  significantly  different  from  the  theoret¬ 
ically  expected  curves  is  a  valuable  confirmation  of 
CTW  theory  and  indicates  that  the  modal  decompo¬ 
sition  does  provide  meaningful  results.  In  Part  II,  we 
use  these  amplitudes  as  boundary  conditions  for  a 
CTW  model  and  show  that  this  CTW  model  does  have 
predictive  skill  on  the  shelf. 


2.  The  observed  current,  pressure  and  wind  stress  field 

The  main  ACE  array  consisted  of  three  sections  ol 
current  meters  (each  with  five  moorings  and  each  hav¬ 
ing  a  total  of  15  current  meters)  offshore  from  Cape 
Howe,  Slanwell  Park  and  Newcastle  (Fig.  la).  The  de¬ 
signed  placement  of  the  current  meters  on  each  section 
is  shown  in  Fig.  lb.  The  actual  depths  of  the  moorings 
were  within  15^  of  these  nominal  depths  with  most 
moorings  being  closer  than  this.  We  shall  refer  to  the 
three  sections  of  current  meters  as  line  1  (Cape  Howe), 
line  2  (Stanwell  Park)  and  line  3  (Newcastle).  The  cur¬ 
rent  meters  are  coded  as  in  this  example:  f23/l()()t)  (f 
refers  to  low  pass  filtered  data)  is  a  meter  at  a  depth  of 
1000  m  on  the  third  mooring  from  the  coast  on  line 
2.  The  current  meter  sections  are  nominally  identical, 
and  the  current  meters  were  distributed  so  that  the  first 
three  CTW  modes  could  be  separated.  The  meters  are 
not.  therefore,  clustered  close  to  the  coast  but  are  closer 
to  the  shelf  edge  and  slope  where  the  CTW  modes  ex¬ 
hibit  sign  changes.  By  having  three  current  meter  sec¬ 
tions.  we  hoped  to  see  CTW  modes  propagating  along 
the  coast  and  check  these  propagation  speeds  against 
theoretical  predictions. 


!  1  I  oration  diagram  for  the  Australian  Coastal  Experiment,  (a)  The  locations  of  the  current  meter  moorings.  SSF  records  and 

’n\  sshire  meteorological  data  were  collected,  the  sole  mooring  at  4  2  "’40'S  on  the  cast  coast  of  Tasmania  is  shown  on  toe  inset  The 
me  is  the  200  m  isobath  and  the  dotted  line  is  the  4000  m  isobath,  (b)  Schematic  Inot  to  scale)  diagram  or  the  locations  o.r current 
1  ihr  sections  of  (  ape  Howe,  Stanwci!  Park  and  Newcastle.  A  solid  circle  indicates  1(H)";  data  return,  an  open  circle  zero  data 

cut  i  h  ill  shaded  circle  indicates  an  incomplete  record.  Accurate  bottom  profiles  arc  given  in  I  ig 
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Some  data  was  iost  due  to  trawlers  moving  moorings, 
extreme  currents  causing  large  tilt  in  some  of  the 
mooring  lines,  and  the  total  loss  of  one  mooring.  How 
the  raw  data  was  processed,  together  with  notes  on  the 
data  collected,  is  given  in  Freeland  et  al.  (1985).  The 
data  used  here  have  been  lowpass  filtered  (half-power 
point  at  about  40  h)  and  decimated  to  one  value  every 
1 2  h.  The  principal  axis  of  variance  for  all  of  the  current 
meter  records  was  almost  parallel  to  the  alongshelf  di¬ 
rection.  and  w'e  have  used  only  the  alongshelf  com¬ 
ponent  of  the  current  throughout  the  analysis  that  fol¬ 
lows. 

Coastal  sea  level  data  was  collected  for  ACE  from 
six  locations  along  the  coast.  The  analogue  sea  level 
charts  were  digitized  to  hourly  values,  lowpassed,  de¬ 
cimated  to  noon  and  midnight  values,  and  corrected 
for  atmospheric  pressure  variations  to  give  subsurface 
pressure  (SSP).  Data  are  also  available  from  two  sub¬ 
surface  pressure  gauges  offshore  from  Cape  Howe. 
These  gauges,  which  were  near  the  first  and  third 
moorings,  will  be  referred  to  as  fpl  1  and  Fp  1 3.  The 
details  of  the  routine  data  processing  and  of  the  data 
available  are  given  in  Forbes  (1985a). 

Meteorological  data  from  16  stations  were  obtained 
from  the  Australian  Bureau  of  Meteorology.  For  12  of 
these  stations,  data  were  recorded  twice  daily  at  0900 
and  1500  LST,  and  for  four  stations,  the  data  were 
recorded  at  3-h  intervals.  All  of  the  data  were  inter¬ 
polated,  filtered  and  decimated  to  noon  and  midnight 
values,  and  the  principal  components  of  variance  of 
the  wind  stress  determined.  The  wind  stresses  were  cal¬ 
culated  using  the  neutral  steady-state  drag  coefficient 
of  Large  and  Pond  (1981).  Meteorological  data  from 
three  buoys  moored  at  midshelf  are  also  available. 
While  these  data  were  not  continuous  over  the  ACE 
period,  they  did  indicate  that  the  alongshelf  wind  stress 
did  not  vary  significantly  across  the  shelf  (Forbes.  1 986). 
We  selected  three  stations  that  provided  continuous 
data  during  ACE  and  that  we  thought  to  be  represen¬ 
tative  of  the  wind  stress  field.  The  three  stations — 
Green  Cape,  Montagu  Island  and  Norah  Head  (Fig. 

I ) — are  used  in  the  application  of  the  CTW  theory 
(Part  II).  Details  of  the  data  and  the  wind  field  over 
the  ACE  region  are  discussed  by  Forbes  ( 1 485b.  1 986) 

The  twice  daily  alongshelf  current  and  sea  level  daia 
were  highpassed  to  decrease  the  amplitude  of  signals 
with  periods  greater  than  about  20  days.  To  achieve 
this,  the  individual  series  were  Fourier  transformed, 
the  amplitude  of  the  Fourier  coefficients  with  periods 
greater  than  20  days  were  set  to  zero,  and  the  new 
highpassed  series  in  the  time  domain  were  generated. 
Spectral  results  (using  a  different  bandwidth)  indicate 
that  this  filter  passes  a  small  amount  of  energy  at  pe¬ 
riods  of  24  days  and  has  no  effect  at  higher  frequencies. 
Unless  otherwise  stated,  all  series  (except  the  surface 
wind  stress)  were  subjected  to  this  highpassing  before 
further  analysis. 


3.  Eigenfunction  representation  of  the  observed  cur¬ 
rents 

The  currents  at  Cape  Howe  (and  also  the  other  sec¬ 
tions)  are  due  not  only  to  CTWs  but  also  to  a  number 
of  other  phenomena.  The  most  important  of  these  is 
eddies  formed  from  the  East  Australian  Current,  and 
there  were  periods  at  all  three  current  meter  sections 
when  offshore  eddies  had  a  strong  effect  on  the  shelf 
and  slope  currents.  (A  paper  on  these  eddies  is  in  prep¬ 
aration.)  To  determine  the  amplitude  of  the  CTWs. 
we  decomposed  the  observed  currents  in  terms  of  the 
first  three  CTW  eigenfunctions  (section  3a)  as  well  as 
a  statistically  defined  eddy  mode  (section  3b). 

The  decomposition  of  the  observed  currents  into  the 
CTW  eigenfunctions  and  the  eddy  mode  was  done  in 
the  time  domain  and  used  separate  CTW  modes  and 
eddy  modes  at  each  of  the  current  meter  sections.  This 
differs  from  the  analysis  of  Freeland  et  al.  (1986)  in 
which  the  decomposition  was  done  in  the  frequency 
domain,  using  a  single  set  of  eigenfunctions  for  all  of 
the  sections. 

a  Density  field  and  eigenfunction  calculations 

The  density  data  during  ACE  were  collected  with  a 
Neil  Brown  Mark  3  CTD  along  several  sections  per¬ 
pendicular  to  the  coast  and  along  sections  through  off¬ 
shore  eddies  [602  stations  were  completed  dunng  ACE 
(White  and  Church,  1986).  The  three  current  meter 
sections  were  the  most  often  repeated:  Cape  Howe  (6 
times).  Stanwell  Park  ( 14)  and  Newcastle  (7).  To  allow 
the  CTW  eigenfunctions  F,  (for  the  pressure  field),  the 
phase  speeds  c,.  the  associated  wind  h,.  and  frictional 
coupling  coefficients  (<;,  )  to  charge  as  the  bathymetry 
and  Brunt-Vaisalii  frequencies  change  with  alongshelf 
distance,  we  calculated  the  eigenfunctions  (and  asso¬ 
ciated  phase  speeds  and  coupling  coefficients)  al  these 
three  sections. 

The  processing  of  the  raw  CTD  data  to  2 -db  averaged 
data  is  discussed  by  White  and  Church  ( 1986).  These 
2  db  data  were  averaged  to  determine  10  db  data,  and 
an  average  density  section  (over  the  ACE  period)  was 
calculated  for  the  three  locations  <\s  the  Brunt-Yaisala 
frequency  profile  varied  slightly  in  the  cross-shell  di¬ 
rection.  an  artificial  profile  was  constructed  for  each 
section  1  his  profile  consisted  of  the  profile  at  a  mid¬ 
shell  location  (depth  I  35  m)  tuned  to  a  profile  at  the 
outer  end  of  the  section.  Below  the  depth  tit  the  Cl  D 
data  (15(H)  db).  the  Brunt-Yaisala  frequent y  was  as¬ 
sumed  to  decrease  exponentially  with  a  depth  scale  of 
15  km.  T  he  profile  at  each  of  the  sections  (Fig.  2) 
agreed  with  the  historical  data  presented  by  1  evitux 
(1482).  The  profiles  in  the  upper  15(H)  m  are  quite 
similar  at  Newcastle  and  Stanwell  Park,  but  at  Cape 
Howe  the  large  peak  in  the  near  surface  lasers  is  absent 

I  hc  bottom  profiles  at  the  three  locations,  deter- 
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Fit;.  2.  The  \:  profile  used  in  determining  the  CTW  eigenfunctions 
at  C  ape  Howe.  Stanwell  Park  and  Newcastle.  Below  6(X)  db  all  curves 
are  \er>  similar  and  to  avoid  confusion  only  one  is  drawn 


mined  from  charts  and  depth  data  recorded  on  each 
of  the  cruises  during  ACE.  are  shown  in  Fig.  3.  Al¬ 
though  the  three  profiles  have  a  similar  shape,  there 
are  considerable  differences  in  the  width  of  the  shelf. 

The  CTW  eigenfunctions  /•'Tv,  r)  and  the  eigenvalues 
c,  were  found  by  solving  Eqs.  (A5)  using  a  numerical 
technique.  (The  program  was  generously  supplied  by 
Dr.  K.  Brink:  the  basis  of  the  technique  is  outlined  in 
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\  l(.  }  I  hc  depth  profile  used  m  determining  the  C  l  W  eigen¬ 
functions  af  C  ape  Howe.  Stanwell  Park  and  Newcastle. 


Brink  and  Chapman,  1985.)  The  numerical  technique 
replaces  the  x  =  x  boundary  condition  with  the  con¬ 
dition  that,  at  a  large  distance  L  from  the  coast,  the  ,v- 
derivative  of  the  velocity  normal  to  the  coast  is  zero. 
This  is  a  good  approximation  if  the  outer  boundary  is 
at  least  one  deep-water  Rossby  radius  beyond  the  bot¬ 
tom  of  the  continental  slope.  We  chose  a  value  of  I. 
=  1 50  km  to  satisfy  this  condition.  The  grid  is  regular 
in  the  .v-direction  and  stretched  in  the  ; -direction.  We 
used  a  grid  with  63  points  in  the  .v-direction  and  23 
points  [between  r  =  0  and  r  =  -/i(.v)J  in  the  r-direction. 
The  linear  drag  coefficient  r  was  evaluated  from  r 
=  C'olCj  when  CD  is  a  quadratic  drag  coefficient  (of 
value  2.5  X  10~3)  and  \L'S\  is  a  scale  velocity  (of  value 
0.2  m  s_l).  The  eigenfunctions  were  normalized  such 
that  for  unit  amplitude  the  energy  flux  was  1  erg  s  '. 

The  theoretical  dispersion  curves  for  the  first  three 
CTW  modes  at  the  three  sections  are  shown  in  Fig.  4. 
For  the  purpose  of  comparing  the  theoretical  curves 
with  the  observations,  we  shall  ignore  their  very  slight 
curvature  and  use  the  low  wavenumber,  low  frequency 
limit.  The  first  mode  phase  velocities  increase  from  3.2 
m  s  1  at  Cape  Howe  to  4.0  m  s  1  at  Stanwell  Park  and 
5.2  m  s"1  at  Newcastle.  The  corresponding  phase  ve¬ 
locities  for  mode  2  (and  3)  are  1.77  (0.97),  2.15  (1.27) 
and  2.43  ms  '(1.24r  respectively,  and  are  given 
with  their  respective  eigenfunctions  in  Fig.  5.  The  in¬ 
crease  in  the  phase  speeds  is  due  to  the  increased  strat¬ 
ification  in  the  north  and  also  to  the  increased  shelf 
width. 

The  calculated  CTW  eigenfunctions  for  the  along- 
shelf  current  [G',(.v.  r)]  for  the  first  three  modes  at  the 
three  current  meter  sections  are  shown  in  Fig.  5.  We 
completed  a  number  of  sensitivity  tests  for  variations 


I  K,  4  Theoretical  dispersion  curses  The  theoretical  dispersion 
curves  for  CTW  modes  1,  T  and  '  are  given  for  the  ihree  current 
meter  sections  f  or  mode  V  the  dispersion  curves  at  Stanwell  Park 
and  Newcastle  arc  almost  identical 
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he;.  5.  The  eigenfunctions.  The  first  three  theoretically  determined  CTW  eigenfunctions  and  the  statistically  determined 
“edd>*’  mode  for  the  current  meter  sections  at  ('ape  Howe.  Slanwell  Park  and  Newcastle  are  shown.  The  contouring  is  in 
arbitrary  units. 


in  the  depth  profile  h(.\)  and  the  stratification  N:{z).  the  depth  or  stratification  profiles  (such  as  migh’  be 
The  results  indicated  that  the  eigenfunctions  and  the  produced  by  inaccuracies  in  the  data  or  local  variations 
phase  velocities  were  not  sensitive  to  small  changes  in  in  the  shelf  conditions). 
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/>.  The  statistical  eddy  mode 

To  define  the  eddy  mode,  we  follow  the  technique 
of  Freeland  et  al.  (1986)  and  initially  assume  that  cur¬ 
rents  VJlt)  measured  at  1000  m  depth  at  the  furthest 
offshore  mooring  at  each  of  the  sections  (i.e.,  current 
meter  n5/1000)  are  due  primarily  to  eddies.  This  is  a 
reasonable  approach,  as  CTWs  are  trapped  near  the 
shelf  and,  relative  to  eddies,  are  not  large  far  offshore 
and  at  depth.  In  contrast,  eddies  strongly  affect  the  off¬ 
shore  region,  and  the  density  perturbation  associated 
with  eddies  reaches  to  depths  well  in  excess  of  1000  m 
(Nilsson  and  Cresswell,  1981).  Given  this  assumption, 
currents  at  any  location  on  this  section  that  are  cor¬ 
related  with  Vft)  are  then  assumed  to  be  associated 
with  eddies  and  not  CTWs.  The  values  a(x,  r)  that 
minimize  the  mean  square  error 

£=[l'(.v.:,/)-fl(-Y. :)!',(/)]-’  (3.1) 

define  the  distribution  of  eddy  signal,  which  we  inter¬ 
pret  as  a  statistical  eddy  eigenfunction.  The  eddy  ei¬ 
genfunctions  (Fig.  5)  have  their  maximum  amplitude 
offshore  and  near  the  surface.  Their  amplitudes  decay 
towards  the  coast  and  with  increasing  depth.  The  eddy 
eigenfunctions  at  the  three  sections  (Fig.  5)  are  quite 
similar  to  each  other  but  are  very  different  from  the 
dynamical  CTW  eigenfunctions  that  have  their  max¬ 
ima  on  the  shelf  and  near  the  bottom.  We  believe  that 
our  results  are  not  sensitive  to  the  exact  values  chosen 
for  the  eddy  eigenfunctions.  The  tendency  for  the  eddy 
modes  to  increase  in  amplitude  offshore  ensures  that 
they  are  badly  matched  to  any  CTW  activity  and  so 
they  should  readily  absorb  energy  associated  with  the 
eddy  field.  Rather  than  using  the  whole  record  to  de¬ 
termine  the  eddy  eigenfunctions,  an  alternative  ap¬ 
proach  is  to  look  at  the  current  distributions  across  a 
section  when  a  large  eddy  is  present.  We  have  done 
this  for  the  Stanwell  Park  section,  with  results  very 
similar  to  those  we  obtained  using  the  above  procedure. 


c.  Determination  of  the  amplitude  of  the  eigenfunctions 

Having  now  defined  a  statistical  eddy  mode,  we  shall 
relax  the  assumption  that  the  currents  measured  at  lo¬ 
cations  n5/ 1000  are  due  solely  to  eddies  and  determine 
the  amplitudes  of  the  eigenfunctions  in  a  least-squares 
sense. 

The  theoretical  solution  for  the  alorigshelf  currents 
of  CTWs  [see  Eq.  (A7;[  is  a  sum  over  an  infinity  of 
modes.  In  practice,  this  sum  has  to  be  truncated  at  a 
finite  number  A/,  i.e., 

w 

i(.v,  y,  z. /)=  2  .  :)<!>, (y.  t).  (3.2) 

7-1 

Even  though  the  ACE  dataset  is  large,  the  determina¬ 
tion  of  the  amplitude  of  the  CTW  modes  is  not  trivial. 


From  the  limited  data  available  at  any  of  the  sections, 
we  initially  decided  that  we  could,  at  best,  determine 
the  amplitude  of  only  three  CTW  eigenfunctions  and 
one  statistical  eddy  eigenfunction,  so  M  =  4.  The  am¬ 
plitudes  of  the  eigenfunctions  are  the  solutions  <j>  of 

G  <f>  =  \,  (3.3) 

where  the  njih  element  of  the  matrix  G  is  me  value  of 
the  alongshelf  current  component  of  the  yth  eigen¬ 
function  (j  =  1  to  4)  at  the  nth  (n  =s  15)  current  meter 
location  on  each  section.  The  that  satisfies  this  equa¬ 
tion  such  that  the  residual  is  minimized  (in  the  least- 
squares  sense)  is  the  Moore-Penrose  solution: 

tj>  =  (G'G)  'G'v.  (3.4) 


A  more  stable  solution  is  found  by  using  a  singular 
value  decomposition  i.e.. 


.  *(G'v)-q, 

<t>=  L  — t — q, 


(3.5) 


where  q,  and  A,  are  the  eigenvectors  and  eigenvalues 
of  the  matrix  G'G  and  R  is  the  effective  rank  of  the 
matrix  (R  =£  4).  R  =  4  corresponds  to  the  unstable 
Moore-Penrose  solution.  Equation  (3.3)  is  badly  con¬ 
ditioned.  and  even  with  the  large  amount  of  data  avail¬ 
able  from  the  ACE  array,  the  Moore-Penrose  solution 
is  unstable.  The  fact  that  the  eigenvalues  appear  in  the 
denominator  of  Eq.  (3.5)  is  the  reason  why  the  Moore- 
Penrose  solution  is  unstable.  The  eigenvectors  and  ei¬ 
genvalues  are  slightly  different  for  each  line  and  also 
vary  as  gaps  appear  and  disappear  in  the  data.  There 
are.  in  general,  eigenvalues  near  2%,  10%.  35%  and 
55%  of  the  value  of  the  trace  of  the  matrix.  The  value 
of  2%  is  close  to  the  accuracy  of  individual  current 
meters,  and  the  total  experimental  inaccuracy  is  cer¬ 
tainly  much  greater  than  2%.  (See  the  residual  variances 
at  the  end  of  the  next  paragraph.) 

To  choose  the  appropriate  value  of  R,  we  carried 
out  a  series  of  tests  using  the  data  from  the  Cape  Howe 
section.  For  the  complete  time  series,  we  evaluated  the 
residual  variance  and  the  variance  of  the  solution  for 
different  values  of  R.  At  Cape  Howe,  as  R  was  decreased 
from  4  to  3,  the  residual  variance  increased  from  about 
1 0%  to  1 3%  of  the  observed  currents,  but  the  variance 
of  the  solution  decreased  by  a  factor  of  3  (and  a  factor 
of  7  for  mode  1).  Further  decreases  in  the  value  of  R 
caused  larger  increases  in  the  residual  variance  but  less 
rapid  change  in  the  variance  of  the  solution.  Also,  for 
each  regression  (at  half  day  intervals),  we  applied  F 
tests  to  see  whether  or  not  inclusion  of  a  particular 
eigenvector  significantly  reduced  the  residual  variance. 
The  tests  indicate  that  the  smallest  eigenvector  is  only 
significant  (at  the  95%  level)  in  about  10%  of  the 
regressions,  the  second  smallest  eigenvector  is  signifi¬ 
cant  in  about  14%  of  the  regressions,  the  third  eigen¬ 
vector  is  significant  in  about  30%.  of  the  regressions. 
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and  the  largest  eigenvector  is  significant  in  about  43% 
of  the  regressions.  The  times  at  which  no  eigenvectors 
are  significant  correspond  to  times  of  small  currents. 
On  the  basis  of  these  tests,  we  omitted  the  smallest 
eigenvector  from  the  solution  and  set  R  =  3.  Note  that 
omitting  an  eigenvector  does  not  mean  a  particular 
mode  is  omitted,  but  rather  a  particular  linear  com¬ 
bination  of  modes  is  not  allowed.  The  second  smallest 
eigenvector  is  probably  only  marginally  significant  to 
the  total  solution.  For  R  =  3,  the  residual  variance, 
averaged  over  the  total  time  series,  is  about  1 3%  of  the 
observed  variance  at  Cape  Howe,  about  20%  of  Stan- 
well  Park  and  about  23%  at  Newcastle;  i.e.,  the  least- 
squares  fit  to  the  observed  currents  accounts  for  at  least 
77%  of  the  observed  variance  at  each  of  the  three  sec¬ 
tions. 
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The  observed  alongshelf  currents  are  compared  to 
the  sum  of  the  fitted  modes  for  Cape  Howe  in  Fig.  6. 
On  the  shelf,  the  sum  of  the  fitted  modes  is  a  good 
approximation  to  the  observations,  but  the  fit  offshore 
is  poorer,  and  it  is  apparent  that  CTWs  and  a  single 
“eddy”  mode  cannot  account  for  the  observations.  The 
modal  amplitude  time  series  for  the  first  two  CTW 
modes  at  the  three  sections  is  shown  in  Fig.  7. 

It  is  difficult  to  determine  the  amplitude  of  the  CTW 
modes  from  the  data.  For  our  finite  array  (which  is 
larger  than  most  previous  arrays  used  to  study  CTWs), 
the  modes  (the  CTW  modes  and  the  eddy  modes)  are 
not  orthogonal.  Given  noise  in  the  experiment  (due  to 
inaccurate  current  meters,  vertical  movement  of  me¬ 
ters,  changes  in  stratification,  etc.),  it  is  only  possible 
to  determine  the  amplitudes  of  some  linear  combina- 
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l  l< ;  6  Comparison  of  the  observed  alongshelf  currents  and  the  alongshelf  currents  calculated 
from  the  sum  of  the  fitted  CTW  modes  and  the  eddy  mode 


1436 


JOURNAL  OF  P  H  Y  S  I  C  A  1  OCbANOORAPII  Y 


VOIIMI  l(. 


(a) 

31  Awg 


1983 

10  Oet  19  Nov  29  Doe 

l _ I _ I _ _ _ I _ I _ 


1984 
7  Fob 

_ I _ 


18  Mar 

_ J _ I 


i - 1 - 1 - r  i  r~~  i  i  i  i  i  i 

0  20  40  60  80  100  120  140  160  ISO  200  220 

Daya 

Fit i .  7.  Modal  amplitudes  (arbitrary  unitsl.  The  amplitudes  of  (alCTW  mode  I  and  Ibl  ntixle  7  determined  Irom  the  observed 
alongshelf  currents,  are  shown  for  the  three  current  meter  sections  (The  sign  of  the  eigenfunctions  is  jr  hi  tars  and  for  comparison 
with  the  observed  currents  and  winds  these  modal  amplitudes  need  to  he  multiplied  by  I  I 


lions  of  the  modes  (in  our  ease,  the  first  three  eigen¬ 
functions)  rather  than  of  the  modes  themselves.  How¬ 
ever.  we  have  no  choice  hut  to  proceed  with  the  avail¬ 
able  database 

In  determining  the  amplitudes  of  the  modes,  we 
could  multiplv  the  alongshore  velocities  by  depth  in¬ 
tervals  to  get  transports  and  then  minimize  (in  the  least- 
squares  sense)  the  residual  transports  rather  than  min¬ 
imizing  the  residual  velocities.  However,  this  procedure 
places  most  weight  on  the  offshore  transports  where 
the  C'l'W  response  is  small  and  produces  unrealistic 
results.  Minimizing  the  residual  velocities  places  about 
equal  weight  on  all  except  the  deepest  offshore  meter 

4.  Properties  of  the  eigenfunction  amplitudes 

The  first  three  (TW  eigenfunctions  account  for 
i  about  6 vv  of  the  variance  at  C  ape  Howe,  about  40"! 

'  of  the  variance  at  Stanwell  Park,  but  only  about  24"! 


of  the  variance  at  Newcastle.  This  suggests  that  CTWs 
are  the  dominant  cause  of  variance  at  Cape  Howe, 
w  hereas  offshore  eddies  and  the  Fast  Australian  (  urrent 
are  the  dominant  source  of  variance  at  Newcastle.  The 
determination  of  the  amplitudes  of  .he  CTWs  at  New¬ 
castle  is  far  less  reliable  than  at  either  of  the  other  sec¬ 
tions. 

Spectra  dig.  SI  of  the  eigenfunction  amplitudes  tin 
energy  conserving  form)  indicate  that  most  of  the  en¬ 
ergy  at  C  ape  Howe  and  Stanweh  Park  is  in  the  baits) 
with  periods  ranging  from  4  to  12  davs  I  his  s  con¬ 
sistent  with  spectra  of  the  alongshore  component  of 
the  wind  stress  (F  ig  ‘M.  vote  that  these  spectra  were 
from  eigenfunction  amplitudes  obtained  without  Itrst 
highpassing  t:.c  alongshelf  component  of  currents.  1  he 
calculated  energy  flux  at  Cape  Howe  |l  q.  (  A8l]  due  1st 
the  hist  three  (TW  modes  is  2.4  y.  10*  VV  if  the  along¬ 
shelf  currents  are  not  highpass  filtered  (its  distribution 
with  frequency  i>  shown  in  F  ig.  8).  and  1.4  -  10*  W 
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if  they  are.  Of  this  latter  value,  about  3 1  '7  is  carried  by 
mode  I .  about  49'V  by  mode  2.  and  the  remainder  by 
mode  3.  The  relatively  large  energy  flux  carried  by 
mode  2  at  both  Cape  Howe  and  Stanwell  Park  (see  Fig. 
>l)  is  rather  surprising.  (The  eddy  mode  is  more  or¬ 
thogonal  to  the  second  mode  CTW  than  to  the  first, 
and  it  may  be  that  some  of  the  first  mode  CTW  is 
appearing  in  the  eddy  mode.  Even  if  this  is  the  case, 
the  energy  flux  of  the  second  mode  is  at  least  as  large 
as  the  energy  flux  of  the  first  mode.)  Cross  spectra  (not 
shown)  were  computed  between  the  eigenfunction  am¬ 
plitudes.  These  show  that  eigenfunctions  I  and  2  are 
highly  coherent  with  each  other  right  across  the  wave 
band:  no  other  pair  of  modes  i ;  as  consistency  coherent 
across  the  wave  band  at  the  95T  significance  level.  The 
phase  lag  between  modes  1  and  2  is  5°-l(!°  at  Cape 
Howe  and  close  to  zero  at  Stanwell  Park.  The  eigen¬ 
function  amplitudes  for  modes  I  and  2  at  Cape  Howe 
are  coherent  with  the  wind  at  the  95‘T  (and  higher) 
significance  level  and  lead  the  wind  at  Gabo  Island  by 
about  20°  at  a  period  of  24  days,  but  lag  the  wind 


between  0°  and  30°  across  the  remainder  of  the 
wave  band.  These  phase  estimates  have  error  bounds 
of  about  30°. 

The  eddy  eigenfunction  also  shows  a  peak  in  the 
wave  band  at  a  period  of  12  to  8  days  (Fig.  8).  This 
may  be  due  to  higher  order  CTW  eigenfunctions  that 
were  not  explicitly  included  ir,  the  analysis  or  may  in¬ 
dicate  some  influence  of  the  CTWs,  or  the  w  ind  field, 
on  the  cross-shelf  position  of  the  East  Australian  Car- 
rent. 

At  New  scaale.  the  energy  levels  of  all  of  the  mooes 
are  higher,  and  most  of  the  energy  is  in  the  low  est  fre¬ 
quencies.  Also,  a  much  smaller  percentage  of  the  vari¬ 
ance  is  accounted  for  by  CTWs.  The  explanations  for 
these  two  observations  are  not  clear:  they  are  likely  to 
be  associated  with  the  proximity  to  the  East  Australian 
Current  and  increased  eddy  activity  levels  offshore  from 
Newcastle.  The  East  Australian  Current  may  be  gen¬ 
erating  CTWs.  or  possibly  the  eigenfunction  decom¬ 
position  cannot  resolve  the  CTWs  adequately  in  the 
presence  of  such  a  large  amount  of  noise.  As  for  the 
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FIG.  8.  Spectra  of  the  amplitude  of  the  first  three  CTW  modes  at  Cape  Howe.  Stanwell  Park 
and  Newcastle.  These  spectra  are  normalized  such  that  the  area  under  the  curve  is  proportional 
to  2//p  o  times  the  energy  dux.  The  spectra  of  the  eddy  mode  at  Cape  Howe.  Stanwell  Park  and 
Newcastle  are  also  shown.  Note  that  the  currents  were  not  high-passed  filtered  before  obtaining 
these  spectra. 


other  two  lines,  amplitudes  of  modes  1  and  2  are  highly 
coherent  across  the  wave  band  and  there  is  a  near  zero 
lag.  Eigenfunction  1  is  coherent  with  the  eddy  eigen¬ 
function  for  periods  of  six  and  fewer  days.  If  R  in  Eq. 
(3.5)  is  decreased  to  2,  the  energy  level  in  the  CTWs 
at  Newcastle  is  decreased  by  about  50%,  but  the  energy 


Cpd  cpd  Cpd 

Oabo  Mand  Qrpprt  Cap*  Nofah  Haad 


h(>.  Spectra  of  the  alongshelf  component  of  the  wind  stress  at 
(  ape  Howe.  Green  Cape  and  Norah  Head  T  he  spectra  are  plotted 
in  a  form  such  that  the  area  under  the  curve  is  proportional  to  the 
variance  of  the  alongshelf  component  of  the  wind  stress  Note  that 
there  arc  different  scales  on  each  plot 


in  the  eddy  eigenfunction  is  increased  by  only  1 7%. 
The  general  shapes  of  the  spectra  remain  unchanged. 

Cross  spectra  between  corresponding  eigenfunction 
amplitude  time  series  at  different  locations  have  been 
computed  for  the  three  CTW  eigenfunctions  and  for 
the  eddy  eigenfunction.  The  most  significant  coher¬ 
ences  occur  for  CTW  eigenfunctions  I  and  2  between 
Cape  Howe  and  Stanwell  Park  (Fig.  10).  In  the  band 
6-24  days,  modes  I  and  2  are  coherent  at  the  95% 
significance  levels  and  the  Stanwell  Park  series  lags  the 
Cape  Howe  series.  The  transfer  functions  between  Cape 
How  e  and  Stanwell  Park  show  a  peak  of  about  1 .4  for 
mode  I  and  1.2  for  mode  2  at  the  period  of  12  days. 
but  are  less  than  unity  for  the  rest  of  the  wave  band. 
This  peak  in  the  transfer  function  occurs  at  about  the 
same  frequency  as  the  peak  in  the  spectra  for  alongshelf 
wind  stress  (Fig.  9). 

The  third  CTW  eigenfunction  amplitudes  are  not 
coherent  at  the  95%  significance  level  for  any  pair  of 
alongshelf  'ocations.  This  contrasts  with  the  results  of 
Freeland  et  al.  (1986).  who  derived  a  credible  dispers’on 
curve  for  the  third  CTW  eigenfunction.  The  lack  of 
significant  coherence  (at  the  95%  significance  level)  for 
mode  3  may  result  from  the  fact  that  the  present  tech¬ 
nique  of  calculating  the  eigenfunctions  in  the  time  do¬ 
main  is  more  subject  to  contamination  by  noise  than 
is  the  method  of  Freeland  et  al..  where  the  Fourier 
analysis  removes  some  of  the  system  noise  prior  to 
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Ik,  |0.  Cross  spectra  (transfer  function,  phase  and  coherence)  for  (a)  CTW  mode  I  and  Ibl  mode  2  between  Cape 
Howe  and  Stanwell  Park.  The  95't  significance  level  for  the  coherence  is  indicated  by  the  dashed  lines,  and  a  negative 
phase  implies  that  Stanwell  Park  lags  Cape  Howe. 


modal  fitting.  However,  in  agreement  with  the  results 
of  Freeland  et  al..  the  eddy  eigenfunction  time  series 
are  not  coherent  with  each  other.  The  results  for  cross 
spectra  between  Cape  Howe  and  Newcastle  and  be¬ 
tween  Stanwell  Park  and  Newcastle  were  similar,  except 
that  the  coherences  were  less  significant  than  for  (’ape 
Howe  to  Stanwell  Park. 

For  periods  ranging  from  3.6  to  24  days  (i.e..  the 
frequency  band  in  which  most  of  the  CTW  energy  is 
located)  and  for  modes  1  and  2.  we  completed  a  linear 
regression  (with  zero  intercept)  of  the  observed  phase 
lag  versus  the  distance  between  sections.  The  zero  in¬ 


tercept  regression  model  is  used  because  each  eigen¬ 
function  amplitude  time  series  is  identically  correlated 
at  zero  lag  with  itself.  Also,  choosing  either  a  positive 
or  negative  frequency  changes  the  sign  of  the  phase  lag 
and  implies  the  regression  must  pass  through  the  origin. 
The  slopes  of  these  regression  lines  are  estimates  of  the 
wavenumbers  of  the  first  and  second  mode  CTWs  at 
each  frequency.  The  resulting  wavenumbers  were  then 
plotted  against  frequency  and  linear  regressions,  with 
zero  intercept  computed.  (Note  that  the  frequencies 
are  the  independent  variables  and  the  wavenumbers 
are  the  dependent  variables,  so  we  must  regress  k  on 
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u i  and  not  vice  versa  as  shown  in  Fig.  11.)  The  inverse 
of  the  slopes  of  the  regression  lines  is  an  estimate  of 
the  phase  speed  of  the  first  and  second  CTW  modes. 
The  estimated  phase  speed  for  modes  1  and  2  arc  2.0 
and  1.76  m  s  respectively.  Student’s  t-tesis  (Draper 
and  Smith,  1966)  indicate  that  the  observed  phase 
speeds  are  significantly  different  from  zero  and  from 
each  other  (at  greater  than  the  95%  significance  levels). 

The  theoretical  phase  speeds  averaged  over  the  ACE 
array  are  defined  by 


castle)  is  chosen  as  the  value  for  L,  then  the  theoretical 
averages  for  modes  1  and  2  are  3.8  and  2.0  m  s 
respectively.  The  95%  confidence  limits  for  the  ob¬ 
served  phase  speeds  include  these  theoretical  values 
(Fig.  11).  If  the  value  chosen  for  L  is  360  km  (Cape 
Howe  to  Stanwell  Park — the  region  with  the  largest 
coherences,  which  produced  results  that  dominate  in 
the  regression),  then  the  theoretical  average  for  modes 
1  and  2  are  3.5  and  1.9  m  s  ',  respectively  (somewhat 
closer  to  the  observed  phase  speeds). 


f,'4  f  c,  'ch\  (4.1) 

L  Jo 

where  I.  is  the  alongshore  distance  over  which  the  av¬ 
erage  is  taken  and  c,  is  the  phase  speed  of  the  /th  mode. 
If  520  km  (the  distance  between  Cape  Howe  and  New- 
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Fk.  1 1  Dispersion  curves  for  the  (a)  tirst  and  (b)  second  coastal- 
trapped  wave  modes.  The  tnangles  indicate  the  estimated  wavenum¬ 
ber  lor  the  various  frequencies,  and  the  solid  line  is  the  linear  regression 
lit  (with  zero  it  ercept)  to  these  points  The  stippled  repions  are  the 
dS's  confidence  limits  to  this  dispersion  curve:  the  dashv  1  line  is  the 
v  theoretical  dispersion  curve  for  the  AC'F  region 
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5.  Discussion 

Although  coastal-trapped  waves  have  been  thought 
to  exist  in  the  ACE  region  and  on  most  other  shelves 
around  the  world  (Mysak  1980),  the  only  identification 
of  the  theoretical  cross-shelf  structure  prior  to  ACE 
was  that  of  Hsieh  ( 1982a,b).  Hsieh  analyzed  only  one 
location,  and  thus  alongshore  propagation  was  not  ob¬ 
servable.  Furthermore,  Hsieh  assumed  barotropic 
rather  than  baroclinic  theory.  The  results  presented 
here  (and  in  the  paper  of  Freeland  et  al.,  1986)  are  the 
first  to  indicate  alongshelf  propagation  of  theoretical 
coastal-trapped  wave  eigenfunctions  at  phase  speeds 
not  significantly  different  from  the  theoretical  free  wave 
phase  speeds.  The  computed  and  observed  phase  speeds 
of  the  first  CTW  mode  are  in  agreement  with  Hamon’s 
(1976)  result  that  a  phase  speed  of  3.5  m  s'1  works 
better,  in  a  CTW  model  used  to  hindcast  coastal  sea 
levels  on  the  east  Australian  coast,  than  does  a  phase 
speed  of  4.0  m  s~‘  (as  determined  from  coastal  sea 
level  observations  by  Hamon,  1966). 

The  phase  speeds  computed  here  are  slower  than 
those  computed  by  Freeland  et  al.  ( 1 986)  and  are  closer 
to  the  theoretical  values.  Freeland  et  al.  used  an  an- 
alagous  technique  to  that  used  here,  except  that  the 
modal  decomposition  was  done  in  the  frequency  do¬ 
main  rather  than  the  time  domain.  The  difference  be¬ 
tween  the  computed  phase  speeds  occurs  partly  because 
the  two  data  analysis  techniques  answer  slightly  differ¬ 
ent  questions.  Freeland  et  al.  determined  the  apparent 
phase  difference  between  the  eigenfunction  amplitudes 
at  different  locations.  This  method  is  subject  to  con¬ 
tamination  from  direct  wind  forcing.  In  contrast,  the 
technique  used  here  determines  the  phase  difference 
between  the  coherent  part  of  the  eigenfunction  ampli¬ 
tudes  and  is  therefore  less  subject  to  contamination  by 
direct  wind  forcing  in  the  ACE  region.  Some  compo¬ 
nent  of  the  coherent  signal  that  is  due  to  the  large-scale 
wind  forcing  in  the  ACE  region  will  remain,  however. 
Both  techniques  work  reasonably  well  because  the  ACE 
region  is  dominated  by  free  waves  that  originate  further 
back  along  the  wave  guide,  and  direct  wind  forcing  in 
the  ACE  region  is  of  secondary  importance. 

The  results  from  the  modal  decomposition  indicate 
that  CTWs  account  for  a  significant  percentage  of  the 
variance  of  alongshelf  currents  over  the  shelf  and  slope 
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At  Cape  Howe.  CTWs  accounted  for  65 %  of  the  vari¬ 
ance.  At  the  three  current  meter  sections,  the  percent¬ 
age  of  variance  accounted  for  by  the  CTWs  increases 
for  the  meters  nearest  the  shore.  In  fact,  for  the  meters 
fl  1/125,  f21/l25  and  01/75,  CTWs  account  for  all 
but  10%.  37%  and  27%  of  the  variance,  respectively. 
We  would  expect  that  for  locations  closer  to  the  shore 
than  these  moorings  the  percentage  variance  accounted 
for  by  CTWs  would  be  even  higher. 

The  CTW  amplitudes  at  Cape  Howe  were  signifi¬ 
cantly  coherent  with  the  wind  a*  Gabo  Island  and 
modes  1  and  2  were  significantly  coherent  with  each 
other.  Presumably,  then,  CTW  modes  1  and  2  are  gen¬ 
erated  simultaneously  by  the  wind  further  back  along 
the  wave  guide.  A  surprising  result  was  that  mode  2 
carried  more  energy  than  mode  1  at  Cape  Howe.  This 
was  also  true  at  Stanwell  Park  (Fig.  8).  Three  questions 
raised  by  the  results  presented  are:  What  is  the  energy 
source  for  the  observed  CTWs?  Why  does  mode  2  carry 
more  energy  than  mode  1?  Are  modes  1  and  2  highly 
coherent  because  there  is  a  small  generation  region  or 
is  there  an  alternative  explanation?  We  hope  to  pursue 
these  questions  in  future  papers. 
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APPENDIX  A 


Theory 


Consider  a  stratified  Boussinesq  ocean  initially  at 
rest.  In  a  right-handed.  Cartesian  coordinate  system, 
perturbations  from  the  mean  state  satisfy  the  equations 


it, -ft  =  -/\  +  V- 

r,  +  fu  =  -pt  F  )  . 


A) 


(Ala) 

(Alb) 

(Ale) 


u,  +  r,  4  iv.  =  0 

,  P(i.V:vc 


(Aid) 

(Ale) 


where  t  is  time:  it,  r  and  vv  are  velocities  in  the  v.  y  and 
r  directions,  respectively;  g  is  the  acceleration  due  to 
gravity:  p’  the  perturbation  density  :  />„  the  mean  water 
density;  p  the  perturbation  pressure  divided  by  />„;  V 


and  Fare  the  turbulent  stresses  in  the  v  and  vdirections 
divided  by  p():/is  the  Coriolis  parameter;  and  A  the 
Brunt-Vaisala  frequency.  The  origin  of  the  coordinate 
system  is  at  the  coast  with  v  the  offshore  direction,  y 
the  alongshelf  direction,  and  r  vertically  upward.  For 
CTWs.  the  boundary  conditions  are  that  the  motion 
is  negligible  for  large  v.  there  is  no  flow  through  the 
surface  or  bottom,  and  the  depth-integrated  velocity 
perpendicular  to  the  coast  is  zero  at  x  =  b.  As  in  Clarke 
and  Van  Gorder  ( 1986),  b  is  chosen  such  that  the  depth 
h(b)  is  three  times  the  Ekman  layer  e-folding  scale.  This 
coincides  approximately  with  the  depth  contour  h  =  20 
m.  At  the  surface,  an  alongshelf  wind  stress  r‘(  r.  i )  is 
specified.  In  contrast  to  Clarke  and  Thompson  (1984). 
linear  bottom  friction  is  included. 

Clarke  and  Brink  ( 1 985)  and  Clarke  and  Van  Gorder 
(1986)  consider  the  low  frequency,  low  wavenumber 
limit  of  these  equations.  Under  these  conditions,  the 
solution  is 


/’(.v. y.  :.t)  =  T  /--(.v.  :)4>,(y.  t).  (A2) 


where  0,(thc  amplitude  of  the  /th  CTW  mode)  satisfies 
the  first-order  wave  equation 

1  f 10,  d<l>.  ' 

— —  F - F  = />,r  ( I. /).  (A3) 

c,  dt  civ  , 


where 


=  7/ 


with 
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J:  hih) 
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J :  h{h)  J 


(A4b) 


(A4c) 


Here  r  is  a  linear  bottom  friction  coefficient  and  r'(y. 
t)  is  the  surface  wind  stress  in  the  r-direction  (parallel 
to  the  shore)  and  is  assumed  independent  of  v.  The  h , 
are  the  wind-coupling  coefficients  and  the  a,,  are  the 
frictional-coupling  coefficients  that  lead  to  decay  of  the 
modes  and  energy  exchange  between  the  modes.  The 
/  ,(.v.  r)  are  the  eigenvectors  of  the  eigenvalue  problem 


P 
t - 


with  boundary  conditions 
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F:  =  0  on  :  =  0  (A5c) 

c|/iv/\  +  '^73  /_j  +  //;,/•'  =0  ai  r  =  -7;(.v)  (A5d) 

/•'  =  0  at  v=x.  (A5e) 

The  eigenvalue  c,  is  the  alongshelf  phase  speed  of  the 
/th  CTW  mode.  The  depth  h(x)  increases  from  the  coast 
to  the  abyssal  depth  of  the  ocean. 

The  eigenvectors  have  the  following  orthogonality 
property  (Clarke,  1977): 

f  F,(x.  r)/\(.v.  r)^l  d.x 

Ju  AvL-  /»„ 

+  f  /•',(/>.  :)F,(b.  :)dz  =  .1,5,,,  (A6) 

where  A,  is  an  arbitrary  constant. 

For  conditions  when  wind  forcing  is  of  secondary 
importance  and  friction  is  small.  Eq.  (A3)  states  that 
the  CTW  modes  F  will  propagate  alongshelf  at  the  free 
wave  speed  c,. 

Once  the  solution  (A2)  is  obtained,  the  alongshelf 
velocity  (in  the  small  wavenumber,  low-frequency 
limit)  is  found  from 
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The  energy  flux  T  through  a  section  perpendicular 
to  the  coast  is  (following  Clarke  and  Battisti.  1987.  but 
allowing  for  a  coastal  wall) 


(AM ) 

where  the  bar  indicates  a  time  average.  Substituting 
(A2)  and  ( A 7 )  and  using  the  orthogonality  condition 
<A6).  the  time-averaged  energy  tlu\  is 


( A9) 


If  the  shelf  topography  or  stratification  changes  with 
1.  then  the  eigenfunctions  /-',( \.  t )  will  also  change  but 
the  amplitudes  </>,  lor  a  unit  energy  Dux  in  the  /th  mode 
will  remain  constant. 

Following  Clarke  and  Van  Gorder  (1986)  Eq.  (  A  3) 
is  solved  by  integrating  along  the  characteristics  /  -  t,ty) 
defined  by 


dij  _  I 

ily  c,(  r) 


(AIO) 


In  this  method,  the  number  of  modes  included  is  trun¬ 
cated  to  a  finite  number  M  and  boundary  conditions 
for  the  modal  amplitudes  specified  at  some  starting 
location  (say  y  =  ()).  i.e.. 


0,(0. r)=  known  function.  (All) 

Equation  (A3)  may  be  written  as 
d 

~r  [0,(  f.  /,)/.(  r)]  I)  [  v.  1  ( 1 )]/.(  r).  ( A  1  2 ) 

dy 

where 

0,[f./,(f)]  -  />.(.f)r '(.)'.  /)  ^<v..(.f)<f«, It'./)  ( A I  3 ) 


/.(y)  exp 


J  u  (r.,/rj 
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Equation  (M2)  can  be  integrated  from  1  to  i  ■ 
using  the  trapezoidal  rule.  However,  this  integration 
requires  knowledge  of  l)[y  ■  nv.ny  ■  Al  l].  In  the  rail  , 
version  of  the  Clarke  and  Van  Gorder  (  |9S6i  method, 
used  here,  of  1 . 1  ( 1 1]  is  used  as  an  initial  approximation 
for  of  1  •  Af.  1  (f  t  Ai  )]  and  then  the  solution  is  iterated 
until  it  converges.  Operationally,  the  iterative  solution 
converges  very  rapidly  (typically  in  two  or  three  iter¬ 
ations  for  a  tolerance  of  I  1.  Clarke  and  Van  ( iotdet 
(1986)  have  recently  changed  the  iteratiu  technique 
to  a  matrix  inversion  technique 
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In  an  effort  to  measure  current  shear  very  near  the  sea  surface  a  string  of  vector-measuring  current 
meters  suspended  beneath  a  surface  float  was  deployed  1X0  km  off  southern  California  at  34  N  121  30  W 
on  November  26.  19X1  and  allowed  to  drift  freely  for  over  6  days.  This  arrangement,  which  we  call  the 
current  meter  drifter  (CMD|,  gave  measurements  at  depths  of  2.5.  5.5.  8.5,  11.5,  14.5.  25.  and  63  m 
During  the  first  two  days,  when  the  winds  were  light  IsSms)  and  variable  in  direction,  a  nearly  uniform 
current  shear  was  observed  tn  the  upper  15  m  with  a  low-frequency  velocity  difference  of  5  cm  s  between 
the  instruments  at  2.5  and  14.5  m.  During  the  last  four  days,  when  the  winds  were  brisk  ( >  12  m  s)  and 
steady  in  direction  from  the  NNW,  a  strong  downwind  shear  of  order  10  2  s  1  was  observed  in  the 
upper  10  m  with  a  velocity  difference  of  -  7  cm  s  between  the  instruments  at  2.5  and  X.5  m.  During  this 
same  period  the  shear  below  10  m  was  much  smaller.  The  average  currents  during  the  (AID  drift  veer  to 
the  right  of  the  wind  stress  with  angular  displacement  increasing  with  depth  Time  series  of  the  velocity 
difference  between  2.5  and  5.5  m  compare  very  well  with  '  In  (5.5  2  5).  where  6(rl  is  the  wind 

direction  vector  (of  unit  magnitude).  u,  -  (wind  stress  />)'  2  is  the  friction  velocity  in  water,  and  k  -  0.4  is 
von  Karman's  constant.  On  the  other  hand,  a  similar  comparison  of  the  velocity  difference  between  5.5 
and  X.5  m  to  6(iIh,k  '  In  (X.5  5.5)  is  much  poorer  with  observed  velocity  difference  being  much  larger, 
possibly  due  to  stable  stratification  effects.  Possible  errors  in  the  measurements  have  been  considered  and 
estimated  as  less  than  the  observed  velocity  differences  Near-surface  shears  as  large  as  the  observed  are 
very  important  in  closing  the  momentum  budget  for  the  oceanic  boundary  layer 


1  INTRODUCTION 

T  he  vertical  structure  of  currents  near  the  sea  surface  have 
long  been  a  subject  of  profound  study  among  oceanographers. 
Ilk  mail  [1905]  showed,  using  a  constant  viscosity  model  of 
turbulent  friction,  that  currents  should  turn  steadily  to  the 
right  of  the  wind  with  increasing  depth  I  in  the  northern  hemi¬ 
sphere).  Sverdrup  et  al.  [1942]  cite  evidence  in  favor  of  right- 
ward  turning,  if  not  precisely  of  the  form  suggested  by  the 
constant  viscosity  model  Regardless  of  turbulent  parame¬ 
terization  it  is  a  robust  theoretical  result  that  the  wind-driven 
mass  transport  of  the  sea  surface  frictional  layer  is  the  wind 
stress  divided  by  Coriolis  parameter,  directed  90  to  the  right 
of  the  wind  [ Pedlasky .  1979]  Much  evidence  can  be  cited  in 
favor  of  this  [Paris  el  al.  19X16:  Welter.  I9X2|.  The  precise 
form  of  the  current  structure  near  the  surface  remains  uncer¬ 
tain  f  rictional  boundary  layers  along  rigid  walls  have  been 
studied  theoretically  and  experimentally  since  Prandil  I  1925] 
and  i  on  Karman  ( 1 930 ].  The  simple  result  is  that  velocity  has 
a  logarithmic  profile  receding  from  the  wall.  The  subject  is 
thoroughly  reviewed  by  Mania  and  Yaplam  [1975],  The 
theory  has  been  applied  with  great  success  to  air  flow  across 
land  and  sea.  appropriate  modifications  having  been  made  lo 
the  theory  for  the  effects  of  stratification  and  earth’s  rotation 
[ (  sanady.  1967;  Caldwell  el  al..  1972]  to  describe  the  vertical 
structure  of  the  atmospheric  boundary  layer  [Bu.sWi.  1973], 
Application  of  the  theory  to  the  ocean  surface  layer  has 
lagged,  probably  due  to  the  paucity  of  detailed  near-surface 
current  observations,  itself  a  result  of  the  difficulty  of  making 
the  necessary  measurements.  Still.  Janes  and  Kenner  [1977] 
have  proposed  a  iogarithmic  surface  current  profile  and  inter  - 
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preted  near-surface  velocity  spectra  using  a  scaling  argument 
based  upon  this  profile  and  constant  stress  boundary  layer. 
H  it  [1975]  found  a  logarithmic  profile  obeying  law-of-the- 
wall  scaling  in  the  water  in  a  laboratory  wind-wave  tank. 
Churchill  and  Csanady  [1983]  reported  observations  of  loga¬ 
rithmic  velocity  profiles  from  drifters  and  drogues  in  Lake 
Huron  and  Cape  Cod  Bay.  Dillon  el  al.  [1981]  observed  the 
vertical  dependence  of  turbulent  kinetic  energy  dissipation  in 
a  mountain  lake  by  measuring  temperature  microstructure 
and  found  a  vertical  decay  from  50  cm  to  5  m  that  resembled 
ii.  'lk:)  '.  where  »,  is  friction  velocity  ((wind  stress  water 
density)'  ’|  and  k  is  von  Karman's  constant.  The  role  ol  sur¬ 
face  gravity  waves,  so  tremendously  vigorous,  in  the  transfer 
of  low-frequency  momentum  across  the  air-sea  boundary  and 
then  to  greater  depths  is  imperfectly  understood.  K ituigorods- 
kii  and  l. antler  [1983]  and  Kitaiiiorodskii  et  al.  [1983]  attempt 
a  computation  of  air-sea  momentum  and  energy  flux  from 
high-frequency  measurements  of  wave  motion  and  turbulence. 
In  their  model,  large  increases  in  the  kinetic  energy  dissipation 
occur  very  near  the  surface,  although  the  turbulent  transfer  of 
momentum  is  nearly  constant  near  the  surface. 

Paris  el  al.  [19816]  measured  shear  in  the  upper  ocean, 
from  10  ni  depth  down.  Though  they  report  currents  generally 
to  the  right  of  the  wind,  a  quantitative  attempt  to  balance 
Coriolis  force,  integrated  vertically  through  the  mixed  layer, 
against  surface  wind  stress  fell  short  by  as  much  as  40".. 
[Duns  el  al..  I98lu],  Order  of  magnitude  estimates  suggest 
that  the  momentum  budget  could  be  reconciled  if  the  shear 
above  10  m  were  of  order  11,(1.:)  ' 

In  this  study  we  report  the  results  of  an  experiment  to 
measure  current  shear  very  near  the  surface,  from  2.5  m  depth 
downward.  In  section  2  we  describe  the  experiment.  In  section 
3  we  present  the  results,  while  in  section  4  we  include  an 
analysis  of  the  expected  performance  of  the  instruments  in  the 
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Fig.  I  Instrumentation  on  the  current  meter  drifter. 

surface  waves  encountered  during  the  experiment.  We  find 
comparatively  strong  shears  in  the  upper  8  m.  of  the  order  of 
10  ■  s'  comparable  to  '  shear  magnitudes  based  on 

the  applied  wind  stress,  and  weaker  shear  or  none  at  all. 
within  experimental  accuracy,  between  8  and  15  m.  Currents 
averaged  over  the  length  of  the  experiment  deployment  (about 
7  days!  show  a  consistent  turning  to  the  right  with  depth,  in 
agi cement  with  Ekman  theory 

2.  Expkrimknt 

In  November  1981  we  deployed  a  vertical  string  of  vector 
measuring  current  meters  (VMCMsI  [  Weller  ami  Dari*.  1980], 
shown  in  Figure  I.  for  6.8  days,  in  an  area  southwest  of  Point 
Conception  olT  California  (Figure  21  The  string  was  suspend¬ 
ed  from  a  roughly  cylindrical  surface  buoy.  6  m  long.  I  m 
diameter;  it  was  terminated  by  back  up  buoyancy  and  an 
acoustic  release  at  70  m,  followed  by  a  350-kg  anchor.  The 
whole  arrangement,  dubbed  the  "current  meter  drifter" 
(CMD).  was  free  to  drift  in  the  surface  currents.  Five  VMCMs 
were  placed  every  3  m  between  2.5  and  14  5  m  below  the 
waterline  of  the  surface  buoy  with  additional  VMCMs  placed 
at  25.  30.  and  63  m  All  current  meters  measured  and  averaged 
current  at  60-s  intervals  for  6.8  days,  except  the  meter  at  25  m. 
which  was  set  to  record  at  3.75-s  intervals  and  ran  for  3.8  days 
and  the  meter  at  30  m  which  failed  after  13.5  hours.  A  Sea- 


Data  model  635-1  1  wave  pressure  recorder  at  32  5  m  sampled 
and  recorded  every  0.5  s.  The  position  of  the  CMD  was  deter¬ 
mined  at  least  8  times  a  day  by  visual  sighting  or  by  triangu¬ 
lating  on  IIF  radio  beacons  on  the  surface  buoy  from  the  R  V 
VcM  Horizon.  During  part  of  the  observational  period, 
current-following  drifters  drogued  to  I.  2.  4.  and  8  m  depths 
were  also  tracked  by  triangulation  from  the  ship  Ship  s  posi¬ 
tion  was  determined  by  Loran-C.  A  Datawell  wave  rider 
spherical  buoy  was  deployed  twice  a  day  from  the  ship  to 
obtain  surface  wave  characteristics  and  spectra.  Frequent 
high-resolution  temperature  profiles  were  taken  from  the  ship 
No  useful  temperature  data  were  recorded  on  the  current 
meters. 

.3.  Results 

The  drift  of  the  CMD  is  shown  in  Figure  2.  It  drifted  18(1 
km  over  6.8  days  toward  160  T.  generally  downwind  The 
wind  speed  and  direction  are  shown  in  Figure  3 a.  During  the 
lirst  two  days  of  the  CMD  deployment  the  wind  speed  was 
variable  and  rotated  gradually  from  the  west  to  almost  out  of 
the  north.  Thereafter,  it  blew  at  10  15  ms  fairly  steadily  from 
340  T  The  6.8-day  average  wind  was  7.8  m  s  from  330  T. 
while  the  average  for  the  last  4  days  of  the  experiment  was 
10.6  m  s  from  338  T.  The  components  of  current  at  near- 
surface  depths  with  respect  to  14.5  m  are  shown,  low-pass 
filtered  with  a  cutoff  at  0.25  eph.  in  Figure  4.  Differences  of 
velocity  between  adjacent  current  meters  are  generally  small 
(  -  1  cm  s)  and  variable  for  the  lirst  2  days,  then  moderately 
large  |  >2  cm  s)  between  the  upper  two  pairs  of  instruments, 
and  downwind.  The  2.5-m  current  meter  registered  some  7 
cm  s  more  southward  velocity  than  the  14.5-m  current  meter. 
Velocity  differences  between  pairs  of  current  meters  below  8.5 
m  were  slight. 

Model 

The  simplest  model  of  velocity  profile  at  a  boundary  with 
an  applied  stress  is  that  the  velocity  behave  like 

i<(rl  =  utK~ 1  In  :  4  const  (1) 


I  ig.  2  Location  and  drill  of  Ihe  current  meter  driller  during  (he 
November  December  1981  experiment 
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F  ig,  3.  (at  Wind  speed  and  direction  and  (M  surface  heal  flux  during  Ihe  current  meter  drifter  experiment 


where  it,  is  (wind  stress  water  density)1  *  and  x  is  von 
Karman's  constant  This  classical  model  assumes  constant 
stress  in  the  boundary  layer,  little  influence  of  stratification, 
and  distances  from  the  surface  small  compared  to  the  plane¬ 
tary  boundary  layer  scale  u,  I  ' 

Comparison  Willi  Data 

In  Figure  5  we  show  time  series  of  components  of  velocity 
dilTerence  between  15  and  5.5  m.  These  we  compare  to  the 
wind,  plotted  as  the  predicted  shear  (u,  k)  In  (5.5  2.51.  resolved 
into  components  parallel  to  wind  direction.  The  coincidence  of 
the  observed  and  predicted  shear  is  remarkable,  especially  for 
the  last  4  days  of  record,  corresponding  to  the  steady  wind 
period.  In  Figure  6  we  show  similar  time  series  of  velocity 
shear  between  5.5  and  8.5  m.  compared  to  the  predicted  shear 
In,  k)  In  (8.5  5.5).  The  correlation  between  observed  and  pre¬ 
dicted  shear  is  again  quite  high,  though  the  former  is  consider¬ 
ably  larger  than  the  latter 

A  hodograph  of  current  relative  to  65  m.  averaged  over  6  8 
days,  is  shown  in  Figure  7.  together  with  the  average  wind 
stress  for  the  whole  6.8  days,  likman  [1905]  theory  suggests 
that  the  relative  current  should  rotate  with  depth  to  the  right 
of  the  wind.  This  does  indeed  seem  to  be  the  case.  Even  on 
this  figure,  we  see  that  average  current  shear  between  2.5  and 
5  5  tn  is  approximately  downwind,  less  so  between  5.5  and  8.5 
m  The  integrated  current  transport  between  I  and  16  m 
depth,  taking  ihe  measurement  at  each  level  as  representative 
of  an  average  over  a  5-m  interval,  is  1.2  nr’  s  directed 
toward  228  T  This  is  to  be  compared  to  the  theoretical 
Ekman  transport,  ivt  pi.  which  is  1.8  nr  s  directed  toward 
241  T  The  I  -  to  16-m  transport  is  two  thirds  of  the  theoreti¬ 
cal  Ekman  transport,  which  is  directed  some  15  of  arc  further 
to  Ihe  right  This  agreement  is  not  unreasonable  given  that  all 
of  the  mixed  layer  is  not  resolved.  Similar  hodographs  have 
recently  been  observed  by  M  etier  el  ut.  [1985]  and  Stacey  et 
at  [  1986) 


4  Innirimim  xi  Pi  ki  ok  vis  mi 

Arc  the  velocity  differences  measured  indications  of  actual 
velocities,  or  are  they  artifacts  of  sampling  or  high-frequency 
aliassing  difficulties  associated  with  the  type  of  instrument  or 
the  motion  of  the  vehicle  in  response  to  the  forcing  in  the 
agitated  environment  of  the  upper  ocean  ’  We  shall  consider 
this  question  in  two  parts.  First,  we  examine  (he  motions  of 
the  CMD  vehicle  induced  by  wave  motion,  including  any  low- 
frequency  rectifications  induced  by  such  forcing.  Next,  we  con¬ 
sider  the  implications  of  H  eller  ami  Duets'  [1980]  careful  lab¬ 
oratory  calibrations  of  the  VMCM  sensor’s  response  charac¬ 
teristics  to  combinations  of  steady  and  high-frequency  recipro¬ 
cating  motions.  Our  conclusions  are  that  current  difl'erences 
greater  than  I  cm  s  cannot  be  attributed  to  instrumental 
errors  or  errors  due  to  carriage  motion  rectification.  The  ve¬ 
locity  difl’erences  observed,  even  between  adjacent  pairs  of  in¬ 
struments  separated  only  by  2.5  m.  are  generally  considerably 
larger  than  this  threshold. 

Surface  Wares 

It  is  important  to  our  interpretation  of  the  current  meter 
time  series  to  argue  that  the  sensors’  response  to  the  low- 
frequency  band  (periods  longer  than  -  100  s)  is  not  infected  by 
rectification  from  the  high-frequency  gravity  wave  band.  The 
evidence  for  ihts  assertion  is  as  follows  A  Oatawell  wave  rider 
buoy  was  deployed  for  50  mm  twice  a  day  during  the  experi¬ 
ment.  The  VMCM  at  25  m  was  set  to  sample  every  5.75  s, 
extending  the  current  sampling  into  the  surface  gravity  wave 
band.  A  pressure  sensor  at  52.5  m  sampled  every  0.5  s.  Some 
typical  results  are  shown  in  Figures  8  and  9.  F’igure  8  shows 
the  wave  rider  buoy  surface  displacement  spectrum  for  two 
50-nrin  periods  during  the  experiment,  beginning  at  2200  UT 
November  27.  1981  and  1650  IJT  November  29,  1981  The 
earlier  period  coincides  with  50-min  average  winds  of  6  m  s 
from  250  f.  the  later  to  winds  of  10  m  s  from  540  T.  The 
difference  in  Ihe  distribution  of  spectral  variance  between  the 
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two  spectra  is  striking  In  the  relative!)  high-wind  period  the 
high-frequency  part  of  ihe  spectrum  is  higher  than  in  the  low- 
wind  period.  In  contrast,  the  low-frequency  hand,  beginning  at 
D  ili  11/  and  extending  to  0.05  H/,  ts  more  vigorous  on  No¬ 
vember  27  than  November  24.  these  spectra  typify  the  fact 
that  surface  waves  were  dominated  by  low -frequency  swell 
early  in  the  experiment  and  by  locally  generated  duration- 
limited  wind  waves  later.  Figure  9  shows  a  comparison  of  the 
VMCM  velocity  spectrum  at  25  m  and  a  velocity  spectrum 
computed  using  standard  surface  gravity  wave  theory  [Phil¬ 
lips.  1966]  from  the  wave  rider  buoy  displacement  spectrum 
Ihe  VMCM  spectrum  only  barely  extends  into  the  surface 
wave  band,  but  on  both  days  an  increase  in  energy  in  the 
surface  wave  band  is  observed.  On  November  27,  when  a  long 
swell  dominates  the  wave  height  spectrum,  a  rapid  increase  in 
kinetic  energy  at  a  2(.)-s  period  is  observed  corresponding  to 
the  increase  in  kinetic  energy  inferred  from  the  swell  spectrum. 
On  November  29.  shortly  after  the  wind  speed  increases  to  10 
ill  s.  the  wave  height  spectrum  is  dominated  by  short  wind 
waves  with  approximately  10-s  period  Again.  an  increase  in 
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t  tg  s  Velocity  it  liter  en.  es  between  2  s  ,imt  S  s  m  t  solivi  line)  com¬ 
pared  lo  ti'S  1  In  f  s  '  .’  s i  model  Id.ished  line! 
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NOV  DEC. 

I  ig  b  Velocity  differences  between  5.5  and  X  5  m  (solid  line!  com¬ 
pared  lo  ti'K  1  In  tX.5  s.s,  model  (dashed  line), 

kinetic  energy  is  observed  in  the  VMCM  spectrum  near  10-s 
period.  In  general,  the  VMCM  kinetic  energy  spectra  are 
lower  in  energy  lhati  the  theoretical  surface  gravity  wave  spec¬ 
tra  calculated  from  the  wave  height  spectra  The  underspeed- 
ing  at  high  frequencies  may  be  instrumental,  resulting  from 
the  VMCM  propellers  spending  time  in  their  own  wakes,  or  it 
may  be  a  result  of  instrument  motion  which  reduces  the  rela¬ 
tive  How  Nevertheless,  the  high-frequency  VMCM  spectra  in¬ 
dicate  that  the  current  meters  can  respond  to  gravity  wave 
motions.  All  of  tile  spectra  show  a  spectral  gap  at  frequencies 
below  the  surface  wave  band  The  VMCM  spectrum  rises 
most  steeply  for  lower  frequencies  still,  reflecting  i's  more  sen¬ 
sitive  response  in  this  band  The  occurrence  of  the  spectral  gap 
in  the  VMCM  spectrum  indicates  that  this  instrument,  and.  by 
inference,  the  others  like  it  set  to  average  and  sample  over 
longer  60-s  intervals,  were  etVectively  rejecting  the  high  - 
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\  c  Holograph  of  the  mean  flow  relative  to  fO  m  Mean  wind 
•stress  vector  is  shown.  Ms  magnitude  is  0  1 4^  J\i  Note  the  turning  lo 
the  right  witli  depth  relative  to  the  wind  stress  and  the  predominant!) 
downwit.,1  shc.it  at  tire  top  three  instruments  Depth-averaged  current 
in  n h <  f w  n  (.lashed 
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Fig  S  Spectra  of  surface  wave  height  for  30-min  periods  on  No¬ 
vember  27  Isolid  line)  and  November  2d  (dashed  line). 

frequency  surface  wave  variance  and  resolving  low-frequency 
v  ariance  not  infected  by  rectification  of  surface  waves. 

To  determine  the  effect  of  surface  waves  on  the  motion  of 
the  C'MD.  we  constructed  models  of  the  motion  of  the  device. 
The  model  must  give  the  motion  of  the  C'MI)  and  the  instru¬ 
ments  affixed  to  it  in  response  to  a  specified  wave  motion 
Then  the  relative  motion  of  water  particles  with  respect  to  a 
particular  instrument  can  he  predicted.  The  mean  relative 
motion  so  computed  is  not  zero  in  general.  The  simplest  (and 
least  realistic)  model  is  to  suppose  each  instrument  lived  in 
space.  Then  the  mean  relative  motion  would  he  the  well- 
known  Stokes  drift  [Phillips.  IVbbJ. 

^  s  —  ( ./ k t 1  |2) 

for  a  surface  displacement  of  -1  cos  (A  v  -  ,srl. 

A  more  complicated,  but  rather  more  realistic  model  is  to 
suppose  that  the  surface  buoy  follows  the  motion  of  a  surface 
wave  perfectly  and  an  instrument  rigidly  attached  to  it  by  a 
vertical  line  of  length  does  the  same,  so  that  the  two- 
dimensional  time  history  of  the  instrument  position  would  be 

.v,  ^  (u.  r0)  +  J  u,,(u.  r0.  i  |  ill  (3) 

where  uL,  (it.  r.  ()  is  the  lagrangian  velocity  of  a  water  particle 
initially  at  (it,  e)  with  the  subscript  /  =  (1.  3)  corresponding  to 
horizontal  and  vertical  directions.  The  instantaneous  relative 


motion  measured  by  the  instrument  of  the  water  past  it  would 
be 

:0-  ')  ^  "/v,,  t)  U'ja.O.n  1-4) 

where  ii;(x,,  /)  is  the  velocity  at  the  point  v,  given  by  (3|  The 
right  side  of  (4)  may  be  written  approximately  as 

it",  —  up(u.  0.  t  )  Ji' rp[u/ii.  n  ii/ta.O.n]  (5i 

For  a  deep-water  wave  whose  surface  displacement  is  given  by 
A  cos  (A.x  —  si)  the  mean  value  of  this  is 

uMiU„)  =  A2sk{ek!"  -  I)  ,1  =  0  <6| 

not  zero  in  general,  nor  identical  to  the  Stokes  drift,  though 
obtained  in  an  analogous  way.  Differences  in  velocity  between 
adjacent  instruments  at  levels  r,.  r,  would  be 

AuM1  =  A 2.vA(el"  1  -  e*i;)  =  A2sk2i-k: A:  =  Ms,ok„(AArl 

approximately,  where  Ar  =  r,  —  :2 ■  For  A  =  1  m.  s  =  2r.  (10 
si.  I  f  -  25  m,  and  us,ok[>  —  3  cm  s.  But  AAr  -  (3  m)  (25 
ml  =  I  8.  so  Aii„,  =  0.4  cm  s.  approximately,  which  is  a  great 
deal  smaller  than  the  Stokes  drift. 

Our  most  complicated  model  consists  of  representing  the 
CMD  as  a  taut  compound  pendulum  made  up  of  its  various 
elements,  the  surface  buoy  and  the  instruments  suspended 
from  it.  subject  to  the  buoyancy  and  drag  forces  acting  in  a 
reciprocating  motion  equivalent  to  a  surface  wave  field  Simi¬ 
lar  models  have  been  used  by  Chhabra  [1477.  19X5]  We  sub¬ 
jected  the  model  CMD  to  surface  wave  motion  in  two  dimen¬ 
sions  made  up  of  a  small  number  of  discrete  spectral  compo¬ 
nents.  chosen  to  represent  the  wave  field  during  the  two  time 
segments  corresponding  to  Figure  X.  The  frequencies  and  am¬ 
plitudes  of  these  components  are  shown  in  Table  I  A  given 
instrument  in  the  CMD  string  executes  a  complicated  path, 
which  roughly  follows  the  surface  buoy,  as  in  the  previous 
example,  but  is  in  any  case  predicted  by  the  detailed  calcula¬ 
tion  of  the  model.  With  this  model,  we  are  able  to  perform  a 
careful  calculation  taking  the  mooring  motion  point  by  point 
along  the  vertical  line  into  account.  Fxcerpts  from  the  results 
are  shown  in  Figures  10  and  II  for  the  two  tunc  periods  of 
Table  I  and  Figures  X  and  9.  In  Figure  10  we  compare  the 
predicted  pressure  spectrum  at  32.5  m  onTfie  CMD.  using  the 
model  response  function  for  a  random  sea.  with  the  observed 
wave  height  spectrum  with  remarkable  success  figure  II 
shows  the  rectified  current  that  a  perfect  mstrument- 
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fig  7  High-lreqiiency  velocity  spectrum  .it  2S  m  (solid  tinel  compared  lo  the  predicted  velocity  spectrum  from  ihe  wave 
height  spectrum  Idashed  line!  using  linear  gravuv  wave  theory  fo.  la)  November  27  and  ibl  November  2b 
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TABl.l7  1.  Surface  Wa\e  Characteristics  for  2  Days  During  the  Kx- 
perimenl  November  27  With  Swell-Dominated  Conditions  and  No¬ 
vember  2d  With  Duration-!  muted  Seas 


Amplitude 


Period,  s 


November  27  November  2d 


4 

10 

20 

Significant 

wave  height 
|  crest -to- 1  rough  I 


10  cm 
>7  L-in 
75  cm 
3  5  m 


25  cm 
44  cm 
D  cm 
l  5  m 


•Swell  may  be  underestimated  due  to  wave  rider  characteristics 


measuring  current  in  a  plane  normal  to  the  instantaneous  line 
orientation  at  a  given  depth  would  see.  (The  tilting  of  the  line 
has  been  taken  into  explicit  account  in  the  mode!  calculation  ) 
Note  that  Figures  5  and  6  above  refer  to  current  differences 
over  3-m  separations,  so  that  it  is  fair  to  take  differences  be¬ 
tween  mean  levels  from  Figure  IF  Fven  so.  the  maximum 
surface  wave  rectified  absolute  currents  are  of  order  15  cm  s. 
largest  below  the  surface  in  the  /one  of  most  intense  motion 
associated  with  the  waves;  3-m  differences  are  smaller,  about 
0  5  cm  s 

FA/ CM  Rotor  L  ndcr speeding 

A  potential  source  of  error  is  the  imperfections  of  the  re¬ 
sponse  of  the  VMC'M  current  sensor  H  filer  anil  Dans  |  IdSO] 
considered  this  question  very  carefully  They  showed  that  the 
VMC'M  sensor  has  a  response  threshold  of  !  cm  s.  that  its 
rotation  rate  is  a  linear  function  of  current  above  2  cm  s.  that 
it  responds  quickly  to  sudden  changes  in  speed,  and  that  it 
responds  to  the  component  of  current  directed  along  the  axle 
of  the  sensor.  When  the  sensors  were  subjected  to  combi¬ 
nations  of  mean  and  fluctuating  flows,  it  was  found,  the  mea¬ 
sured  mean  current  tends  to  he  lower  than  the  true  mean, 
apparently  because  of  the  sensor  encountering  its  ow  n  wake  in 
the  downstream  swing  of  the  cycle.  This  "underspeeding"  was 
largest,  given  the  ratio  of  fluctuation  to  mean  current,  for 
aligned  mean  current,  fluctuation,  and  sensor  axle  directions 
Weller  and  Davis  [  1^80]  calibrated  the  sensors  for  this  effect 
in  tow  tank  experiments  with  various  orientations  of  mean, 
fluctuation,  and  sensor  axle  and  for  a  wide  range  of  fluctu¬ 


ation  mean  ratios.  We  have  made  use  of  these  calibration 
experiments  to  assess  the  c fleet  of  underspeeding  on  our 
measurements  We  supposed  that  the  surface  buoy  is  a  perfect 
surface  follower  and  that  the  near  surface  current  meters 
above  15  m  are  rigidly  attached  to  it  Then  the  surface  wave 
motions  encountered  at  a  depth  r  are  attenuated  by  a  factor 
(I  expUr)).  For  waves  in  the  swell  band,  A  1  is  far  larger 
than  15  m.  so  that  this  factor  is  quite  small  F’or  example,  for 
waves  of  period  /  -  20  s.  A  1  =  99  m.  peak-to-trough  ampli¬ 
tude  of  I  5  m  (corresponding  to  the  vigorous  period  on  No¬ 
vember  27;  see  Table  1 1.  the  underspeeding  is  negligible  for 
mean  speeds  up  to  20  cm  s  For  /  -  10  s.  A  1  24  8  m. 

peak-to-trough  amplitude  of  1  14  m  (November  27.  I  able  I  (. 
estimates  of  the  amount  of  underspeeding  l\  for  various 
mean  speeds  (  and  observation  depths  r  corresponding  to 
current  meter  depths  are  shown  in  Table  2 

Io  estimate  instrumental  underspeeding,  we  used  Weller 
and  Dai  is'  f  19X0]  results  for  unsteady  flow  with  mean  flow 
and  oscillation  parallel  and  sensor  axle  45  off  the  mean  flow 
and  oscillation  direction.  This  was  a  situation  found  to  give 
moderately  large  underspeeding  biases.  Though  we  cannot  re 
construct  the  orientation  history  of  the  sensors  in  our  experi 
ment.  this  seems  a  modestly  pessimistic  choice  When  mean 
flow  and  the  oscillations  arc  not  eolincar.  underspeeding  is 
reduced  because  the  instrument  encounters  its  wake  less  fre¬ 
quently  The  underspeeding  bias  is  moderate,  I  5  cm  s.  lor 
observation  depths  I  I  5  and  14  5  m.  and  for  mean  flows  o|  * 
and  U)  cm  s  For  higher-frequency  waves,  lor  example.  I  4 
s.  A  1  4  0  m.  peak-to-trough  amplitude  of  0  Mi  m  tNovcm 

her  20.  Table  ! ».  results  are  shown  in  Table  2  l  nderspccding 
biases  of  large  magnitude.  4  cm  s.  are  lound  Table  2  can  be 
used  qualitatively  in  the  following  wav  Suppose  the  (Ml) 
were  drifting  downwind  at  2</  cm  s  and  that  the  2  '  and  *  * 
m  true  mean  currents  woic  I*  and  H»  un  s  I  lie  vuricnt 
motets  at  these  depths  encounter  mean  relative  currents  o!  •  N 
and  •  M>  cm  s.  icspectivelv  I  tom  Table  2  we  deduce  an  tin 
derspeedmg  bias  at  2  N  m  of  I  I  cm  s.  loi  an  observed  rela 
live  mean  flow  ol  ^  O  11  >0  m  s  and  at  '  '  m  a  bias  .»• 

2^  cm  s.  for  an  observed  mean  flow  o|  |oo  2" 
cm  s  I  he  observed  current  slie.o  <»f  '  f.  Km  s  is  aduallv 

smaller  than  the  Hue  shcat  '  uii  s  We  do  not  advocate  the 
use  ol  these  tables  to  om  red  tlie  obsei  ved  iow  liequetuv  flows 
tot  underspeeding  because  o|  utKcr  taitihcs  about  the  .u  1.1.0 
behavior  ol  the  (Ml)  in  the  wave  motion  the  •  u  icnt.ite  <r,  oi 
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f  ig  10  Ffigh-lrcqucncy  pressure  spectrum  at  32  5  m  (solid  line  l  compared  to  the  predicted  pressure  sped  rum  (dashed 
line)  using  the  drifter  motion  model  response  function  for  lu)  November  2 7  anil  November  7m 
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WAVE-INOUCEO  MEAN  FLOW 
(cm  s_l) 

-10  -0  5  0  0.5  10 


-  27  NOV  (swell  dominated  sees) 

- 29  NOV  (duration  limited  wind  waves) 

Fig.  1 1  Surface  wave-induced  mean  flow  observed  by  ideal 
cosine  response  current  meters  predicted  from  the  drifter  motion 
model  forced  by  random  seas  using  the  wave  height  spectra  of  No¬ 
vember  27  (solid  Intel  and  November  2l>  (dashed  line). 


mean  flow,  waves,  and  sensor  avles.  and  the  far  greater  com- 
plexus  of  a  random  wave  held  than  the  simple  reciprocating 
motions  that  Weller  and  Dans  [19g0]  studied  in  the  labora¬ 
tory  tow  tank  However,  they  show  that,  if  anything,  the  cur¬ 
rent  shears  between  adjacent  current  meters  as  in  Figures  5 
and  b  are  underestimates,  and  that  the  error  is  of  order  1  cm  s. 
We  conclude  that  the  current  differences  of  Figures  5  and  6 
are  true  indications  of  moderately  high  shears  in  the  ncar- 
stirface  layer 

N  ear-Sur/iu  e  Drillers 

In  the  latter  portion  of  the  CMD  deployment,  during  the 
period  of  persistent  brisk  northwest  winds,  some  small  radio- 
tracked  drifters  [Dans  el  at..  19X2]  drogued  at  1,  2,  4.  and  X  m 
depth  were  deployed  Two  deployments  were  made  at  middav 
on  November  2X  and  Nov  ember  TO.  and  positions  were  ob¬ 
tained  at  b-llour  intervals  between  midday  of  November  2S 
and  early  in  December  2:  during  this  period  the  average  dis¬ 
tance  between  the  (Ml)  anti  the  current  followers  was  5  km. 

I  he  drifter  velocities  exhibited  substantially  smaller  shears 
than  found  by  the  current  meters  with  drifters  at  all  levels 
agreeing  closely  with  the  5  5-m  VMCV1  Mean  shears  between 
drifters  and  between  current  meters  for  the  3.2-day  period 
including  November  29  and  early  December  2  are  shown  in 
I  able  4  During  this  period  the  root  mean  square  wind  speed 
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was  12  ms  with  small  excursions  around  the  mean  direction 
of  DO  r. 

Below  2  m  depth  the  drifter  shears  are  only  50"  of  the 
VMCM  shears,  and  they  are  more  nearly  aligned  with  the 
wind  direction.  Remarkably,  the  l-m  versus  2-m  drifter  shear 
is  unmeasurable  small.  This  is  surprising,  since  one  would 
expect  drifter  shears  to  exceed  current  meter  shears  by  the 
Strikes  drift  contribution.  The  differences  in  shear  correspond 
to  approximately  I  cm  s  over  3  m  dep'h  difference.  Labora¬ 
tory  and  field  tests  |  Dai  is  el  al..  19X2]  show  the  current- 
following  errors  of  the  drifters  to  be  no  larger  than  this  but  are 
insufficiently  precise  to  demonstrate  that  the  errors  are 
smaller  Nevertheless,  we  believe  that  the  differences  between 
current  meters  and  drifters  are  not  the  result  of  drifter  per¬ 
formance  in  a  seaway  because  relative  errors  between  drifters 
will  he  significantly  smaller  than  the  absolute  errors,  which 
themselves  are  I  cm  s.  T  hus  we  believe  the  differences  are 
associated  with  the  fact  that  drifters  seek  out  regions  of  hori¬ 
zontal  convergence  Heller  el  al  [19X5]  have  shown  that 
Langmuir  cell  circulation,  often  present  in  conditions  like 
those  observed  here,  are  associated  with  strong  three- 
dimensional  flow  Further  analysis  (R  A.  Weller,  personal 
communication.  198b)  indicates  that  in  regions  of  dow  nwell- 
ing.  where  drifters  are  most  apt  to  he  found,  the  maximum 
downwind  velocity  is  found  below  the  surface  and  the  near- 
surface  shear  is  upwind  We  suspect  that  the  preferential  sam¬ 
pling  of  such  regions  by  drifters  is  the  cause  of  the  lower 
downwind  shear  observed  by  drifters  as  compared  to  current 
meters. 

Disi  i  SSKIS 

file  magnitudes  of  the  current  shears  in  f  igures  5  and  6 
and  their  obvious  association  with  wind  speed  and  direction 
arc  very  suggestive  The  coincidence  of  shear  with  ii,(a:I  1 
between  2.5  and  5  5  m  is  striking  and  tends  to  support  obser¬ 
vations  in  lakes  by  Dillon  er  al.  [I9K]]  of  near-surface  dtssi- 
pation  varying  like  u.  Vrl  1 
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The  depth  of  penetration  of  the  w#(kj)  1  layer,  about  5  m,  is 
quite  thick  and  may  be  important  in  the  momentum  budget  of 
the  surface  layer.  It  ought  to  be  stressed  that  such  a  layer  is 
not  inconsistent  with  classical  ideas  about  Ekman  turning  of 
currents.  In  this  context,  it  is  a  useful  exercise  to  write  down 
and  solve  the  Ekman  layer  equations  with  eddy  viscosity  given 
by  kuJz|.  (The  velocity  profile  is  then  given  by  Hankel  func¬ 
tions.)  Near  the  surface  the  velocity  profile  is  approximately 
the  classical  k  "  In  z,  and  stress  is  consistent  with  depth. 
With  increasing  depth,  the  velocity  turns  to  the  right.  Despite 
the  linearly  growing  eddy  viscosity  the  velocity  profile  is  re¬ 
stricted  to  a  boundary  layer  of  thickness  or  order  /.  in 
which  the  classical  result  holds  that  total  transport  is  to  the 
right  of  the  wind  stress  and  of  magnitude  um2  f.  The  transition 
from  logarithmic  downwind  profile  to  a  rightward  turning 
profile  occurs  at  a  depth  which  scales  with  u*  f.  Of  course, 
such  a  theory  takes  no  account  of  stratification  and  is  of 
limited  practical  use,  but  it  shows  how  the  classical  constant 
stress  logarithmic  layer  can  be  embedded  in  the  Ekman  layer. 

Shear  between  5.5  and  8.5  m  is  considerably  larger  than 
U|(jcr)  1 .  This  may  be  accounted  for  by  stratification:  Tem¬ 
perature  differences  of  only  a  few  hundredths  of  a  degree  over 
3  m  would  be  sufficient,  coupled  with  the  shears  observed,  to 
produce  gradient  Richardson  numbers  as  small  as  0.2.  Unfor¬ 
tunately,  temperature  differences  so  small  could  not  be  dis¬ 
cerned  with  the  temperature  sensors  on  the  VMCMs,  so  that  a 
Richardson  number  time  series  cannot  be  constructed.  Still, 
microstructure  temperature  profiles  taken  during  the  experi¬ 
ment  from  a  ship  operating  near  the  CMI)  show  that  such 
small  stable  temperature  gradients  occur  commonly  in  the 
near-surface  layer.  This  is  curious  in  light  of  pervasive  unsta¬ 
ble  (downward)  buoyancy  fluxes  throughout  the  course  of  the 
experiment  (Figure  3 />).  Nor  does  there  appear  to  be  much 
diurnal  modulation  of  the  shear  due  to  this  buoyancy  flux 
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I  'sing  enipint.il  observations.  it  is  shown  that  the  available  potential  energy  of  fluctuations  (the  APKK  I 
is  proportional  to  the  product  of  the  Cox  number  (\.  the  local  buoyancy  frequency  V  and  the  molecular 
ditTusivity  of  temperature  D.  The  nondimensional  number  C  -  APHF  (XDl  is  shown  to  be  a  good 
predictor  of  the  Cov  number  and  can  be  used  as  ail  indicator  of  mixing  in  stratified  fluids.  Analysis  of  the 
APKK  at  ocean  station  P  shows  that  turbulence  in  the  seasonal  thermocline  responds  to  strong  surface 
forcing. 


I.  Inikoih  <  IION 

Most  observations  of  three-dimensional  turbulence  in  the 
sea  involve  measurements  of  gradients  of  velocity,  temper¬ 
ature.  or  other  scalars  and  therefore  require  the  use  of  sensors 
able  to  resolve  small  length  scale,  large  wave  number  fluctu¬ 
ations.  A  direct  measurement  of  the  kinetic  energy  dissipation 
rate  requires  the  velocity  to  be  resolved  on  length  scales 
0(0.01  ml  [cf.  Osborn.  1980:  Oakey.  1982]).  and  measurement 
of  the  Cox  number  [Osborn  ami  Cox.  1972]  demands  a  resolu¬ 
tion  of  the  temperature  on  even  smaller  scales  [Dillon  ami 
Caldwell.  1980],  However,  oceanic  turbulence  exists  on  a  vari¬ 
ety  of  length  scales,  l-'or  example,  the  length  scale  of  turbulent 
overturns  in  stratified  parts  of  the  ocean  is  usually  larger  than 
a  few  tens  of  centimeters  and  often  extends  to  a  few  meters 
[Dillon.  1982],  It  may  sometimes  (though  certainly  not  always) 
be  more  convenient  to  measure  large  length  scale  variables 
than  microscale  variables. 

The  notion  that  small-scale  quantities  may  depend  on  large- 
scale  fluctuations  is  consistent  with  turbulence  being  created 
at  large  length  scales  (often  called  the  production  or  energy 
containing  range)  and  dissipated  at  smaller  scales  (called  the 
dissipation  range  [c.g..  Tennekes  and  Lumley.  1982]).  A  lirst- 
order  hypothesis  is  that  energy  produced  at  large  scale  is 
transferred  to  smaller  scale  by  nonlinear  interactions  and.  if 
the  time  scale  for  changes  in  dissipation  range  variables  is 
faster  than  the  rate  at  which  production  range  fluctuations 
change,  an  approximate  equilibrium  between  large-scale  and 
small-scale  quantities  may  result  In  those  cases  where  there  is 
not  a  large  separation  of  scales,  dissipation-scale  fluctuations 
must  depend  strongly  on  production  range  scales. 

Links  have  recently  been  established  between  the  large 
length  scales  of  overturns  and  dissipation-scale  fluctuations. 
The  kinetic  energy  dissipation  rate  i:  and  the  buoyancy  fre¬ 
quency  V  may  be  used  to  form  the  O/midov  length.  = 
|j  V  V  :  |  Doutiheriv.  1961:  Ozmuloi.  1965].  depends  on  i. 
and  i:  is  a  dissipation  range  quantity  ;  in  this  sense.  f.„  is  a 
large-scale  representation  of  microscale  information.  The 
Thrope  scale  Lt  [ Thorpe .  1977:  Dillon .  19X2]  has  a  si/c 
characteristic  (perhaps  within  a  factor  of  2)  or  overturning 
structures  and  is  a  "production-range"  variable,  only  in¬ 


directly  dependent  on  dissipation  range  turbulence.  In  most 
cases  where  L ,  and  L„  have  been  simultaneously  measured, 
the  Thorpe  scale  has  been  found  nearly  equal  to  the  O/midov 
length  r Dillon .  1982:  Crawford.  19X6:  Ciretftf  el  til..  1986:  Its- 
weire.  1984],  though  some  important  exceptions  to  this  rule 
have  been  found  [Dillon.  1982]. 

(iari)eti  el  al.  [1981]  have  shown  that  in  the  stratified  in¬ 
terior  of  the  ocean,  the  vertical  shear  spectrum  falls  off  with 
wave  number  k  as  k  '  in  the  approximate  range  0.1  1  cpm 
and  begins  a  gentle  rise  (perhaps  proportional  to  k '  "l  near  the 
wave  number  kk  —  /.„  '.  The  Thorpe  scale,  nearly  equal  to 
the  O/midov  scale,  has  a  physical  meaning  in  terms  of  the 
spectrum  of  stratified  turbulence:  1  is  ihe  wave  number  at 

which  turbulence  is  constrained  by  buoyancy  forces. 

The  available  potential  energy  of  unstable  density  fluctu¬ 
ations  (the  APKK  [Dillon.  1 9K4] l  is  another  variable  that  can 
he  found  by  ordering  density  profiles.  Like  the  Thorpe  scale, 
ihe  APKK  is  a  "large-scale"  variable  that  indirectly  depends 
on  dissipation  range  fluctuations.  The  APEK  is  useful  because 
it  is  a  measure  of  the  maximum  potential  energy  that  can  he 
released  by  a  turbulent  overturn  T  he  APKK  is  a  unique  quan¬ 
tity.  while  Thorpe  displacements  are  not  necessarily  unique 
(e.g..  (he  calculated  Thorpe  displacements  will  depend  on  the 
ordering  algorithm  if  the  profile  has  more  than  one  sample 
with  the  same  density)  It  is  not  our  intention  to  suggest  that 
Ihe  APKK  is  preferable  to  the  Thorpe  scale  but  rather  to  point 
out  that  Thorpe  variables  other  than  also  have  physical 
significance. 

Ihe  goals  of  (his  report  are  (ll  to  show  that  the  APKK  is 
proportional  to  the  rale  of  potential  energy  dissipation  and 
that  an  estimate  of  the  fox  number  can  sometimes  be  made 
from  line  scale  rather  than  microscale  measurements  and  (2)  to 
demonstrate  that  the  APKK  is  a  useful  indicator  of  mixing  in 
the  seasonal  thermocline.  Details  of  the  methods  of  calculating 
the  Al’KI  are  described  in  section  2  Section  2  discusses  the 
significance  of  the  APEK  to  the  dynamics  of  turbulence.  Sec¬ 
tion  4  applies  the  preceding  results  and  uses  the  APEK  to 
describe  mixing  in  the  seasonal  thermocline  at  ocean  station 
P  Section  4  contains  a  summary  of  the  results  and  a  dis¬ 
cussion  of  their  consequences. 

2  Cai  i  n  ATiNt;  Tin  APKK 
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The  Thorpe  profile  is  found  by  rearranging  or  ordering  dis 
crete  density  samples  to  form  a  monotonic,  gravitationally 
stable  profile.  The  Thorpe  profile  is  a  one-dimensional  repre- 
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I  ABIT  I  Calculation  of  the  AIM  I  (or  a  Hypothetical  Vertical 
Density  Profile  and  the  Associated  Thorpe  Statistics  Calculated  lor 
I  hrec  Depth  Intervals 
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Depth  intervals  include  the  entire  overturn  (samples  1  9 1.  the  lower 
subregion  Isamples  I  4).  and  the  upper  subregion  (samples  5  9).  By 
definition  ill.  the  API!!  />»  tin  units  where  the  acceleration  of 
gravity  and  mean  density  arc  1.  angle  brackets  tmpl>  a  vertical 
averagel.  Delimtion  ill  implicitly  assumes  that  the  region  of  calcula¬ 
tion  is  at  least  one  complete  overturn:  III  gives  misleading  results  in 
cither  the  upper  or  lower  subregion  alone  However,  when  the  ap¬ 
proximation  1 2 1  li  e..  APFF  v  ini "•  -I  is  used,  the  result  for  each 
subregion  is  representative  of  the  overturn  as  a  whole  The  linear 
g r.nhcnl  approximations  Id)  and  14)  are  poor  predictors  of  the  API  I 
in  both  top  and  bottom  subregions. 


sentation  of  a  minimum  potential  energy  state.  No  profile 
composed  of  the  same  density  samples  can  have  a  lower  po¬ 
tential  energy,  because  if  the  ordered  profile  is  perturbed  lo 
u.,y  nonmonotonic  profile,  the  potential  energy  of  the  per¬ 
turbed  profile  will  be  greater  than  that  of  the  ordered  prolile 
[ Dillon .  1984]  The  potential  energy  difference  between  a  mea¬ 
sured  density  profile  and  the  corresponding  Thorpe  prolile  can 
be  termed  ’he  available  potential  energy  of  the  fluctuations 
because  the  energy  could,  in  principle,  be  used  for  irreversible 
thermodynamic  processes,  such  as  mixing  the  fluid  and 
changing  the  mean  potential  energy  of  the  fluid,  or  for 
changing  the  kinetic  energy. 

Density  samples  are  seldom  used  to  calculate  Thorpe  pro¬ 
files  because  density  often  cannot  be  calculated  in  salt  water 
with  sufficient  precision  on  length  scales  as  small  as  001  0.02 
m.  Instead,  it  is  usually  assumed  that  the  density  is  uniquely 
determined  by  the  temperature,  and  the  temperature  profile 
itself  is  then  ordered  (of  course,  if  salinity  instead  of  temper¬ 
ature  controls  the  density,  basing  the  APT!-  on  temperature 
fluctuations  alone  will  be  dynamically  meaningless)  An  ex¬ 
pansion  coefficient  x  can  be  used  to  define  the  APFF  by 

Vf 

APFf  =  ll  M)  V  *</.-„«„  "> 

n  I 

where  the  temperature  samples  occur  at  depth  </  is  the 
acceleration  of  gravity.  (C  =  7(r„)  /„(-„•  is  the  Thorpe  fluc¬ 


tuation.  I'(-J  is  the  measured  temperature  profile.  7I,C„I  is  the 
Thorpe  profile,  and  x(.S’.  7)  -  — /<  ‘(i'p  CT). 

It  is  inadvisable  to  use  (1)  when  it  is  necessary  to  estimate 
the  APFF  over  a  fixed  interval  delined  by  specific  depths  or 
isotherms,  because  there  is  no  guarantee  that  the  interval  en¬ 
closes  a  complete  overturn  (a  "complete  overturn"  is  the 
smallest  interval  containing  density  inversions  such  that  no 
densities  between  the  minimum  and  maximum  densities  within 
the  interval  can  be  found  outside  of  the  interval).  Table  I 
illustrates  a  hypothetical  case  (using  arbitrary  depth  and  den¬ 
sity  units,  and  assuming  for  simplicity  that  the  acceleration  of 
gravity  is  unity)  where  the  complete  overturn  extends  from  I 
to  9  depth  units.  Estimating  the  APEF"  in  the  range  1  4  depth 
units  with  (I)  would  give  a  misleading  result  the  APFF  would 
be  negative  because  only  the  lower  half  of  the  overturn,  w  here 
the  density  fluctuations  are  all  negative,  would  be  included  in 
the  calculation.  Similarly,  the  APEF’  characteristic  of  the 
entire  overturn  would  be  overestimated  if  only  the  upper  half 
of  the  overturn  were  included.  Another  way  to  estimate  the 
APEF  is  from  the  approximation 

vt 

APEF  id  2\/|  V  ycid„0„  Cl 

rj  I 

where  </„  is  a  Thorpe  displacement.  While  each  displacement 
is  uniquely  associated  with  a  single  density  sample,  two  depths 
can  be  associated  with  each  displacement:  one  the  depth  of 
the  density  sample  in  the  original  profile,  the  other  the  depth 
of  the  same  sample  in  the  ordered  profile  We  define  dlrl  as 
the  displacement  of  a  density  sample  at  the  depth  of  the 
sample  />(:)  in  the  original  profile. 

The  approximation  Cl  is  based  on  the  observation  that  if 
any  two  density  samples  separated  by  a  depth  d‘  arc  ex¬ 
changed.  a  potential  energy  change  <g/'[p(r  t  </')  -  p(r|]  must 
lake  place.  The  factor  of  I  2  in  C)  arises  because  each  sample 
exchange  is  counted  twice  in  the  sum.  If  p„(-l  can  be  con¬ 
structed  from  plrl  by  any  number  of  two-sample  exchanges, 
with  no  sample  exchanged  more  than  once,  then  Cl  is  exact. 
For  our  data,  the  difference  between  (1)  and  Cl  is  less  than  2".. 
when  both  formulations  are  applied  lo  entire  profiles.  When 
both  III  and  1 2 )  are  applied  to  individual  complete  overturns 
(as  opposed  to  entire  profilesl.  the  root-mean-square  percent¬ 
age  difference  between  them  is  1 4 

IF  ihc  temperature  profile  is  linear.  ft„  -  dnCT  rz.  and 
w 

APFF  '(I  2,\/|  V  x<;| FI  frit/.  :  (21 

*i  1 

In  terms  of  the  root- mean-square  temperature  fluctuation,  a 
linear  temperature  prolile  requires 

w 

APFF  ill  2 Ml  V  5t,f(,  F  C-l  '(F-=FV-( 77  ,'rl  ’a If-' 

n  1 

1 41 

The  linear  estimates  Cl  or  < 4 1  can  differ  from  (2)  by  factors  of  2 
or  7  (Crawford  [1987]:  sec  also  Table  II  because  a  linear 
density  profile  is  often  a  poor  approximation.  It  is  preferable 
to  use  ID  for  calculating  the  APEF.  or  if  averaging  must  be 
done  over  fixed  intervals,  it  is  preferable  to  use  (2)  rather  than 
Cl  or  (4|  However.  Cl  and  (41  are  often  useful  in  scaling 
arguments  and  order  of  magnitude  estimates. 

Thorpe  variables  can  be  adequately  measured  with  less  res¬ 
olution  than  is  necessary  to  resolve  Ihc  entire  temperature 
gradient  spectrum  When  the  fluid  is  turbulent,  the  temper- 


Dll  l  ON  AND  PxKK.  AVMIABII  Poll  SUM  l:N|  Kl.N  Ol  ()MKU  HNS 


ature  gradient  spectrum  has  a  high  wave  number  peak  con¬ 
taining  most  of  the  temperature  gradient  variance  [Dillon  utul 
Caldwell.  1980].  The  spectrum  of  Thorpe  displacements,  how¬ 
ever,  typically  has  a  low  wave  number  peak  (Figure  11.  The 
spectral  slope  at  wave  numbers  higher  than  the  peak  is  ap¬ 
proximately  k  ' 5  \  although  the  significance  of  this  observa¬ 
tion  is  not  clear. 

Instruments  having  slower  frequency  response  than  the  one 
used  for  this  report  could  be  used  to  measure  Thorpe  statis¬ 
tics.  A  /eroth-order  model  for  the  displacement  spectrum  can 
summarize  Figure  1 : 

Sjk\-t2MI.,*'k  '  k  >  L,  ' 

(5) 

S'jlAl  =  0  k  <  L,  1 

which  satisfies 

j  Sj (k)  ilk  (6) 

A  lowered  wa\e  number  response  implies  that  the  measured 
l.{  would  be  smaller  than  the  actual  Thorpe  scale.  It  can  be 
show  n  using  <5)  that  90  of  /.;  is  measured  if  a  wave  number 
A  >  30  /.,  (wavelength  >  l  ,  5)  is  resolved  (cf  a  0.1 -m  resolu¬ 
tion  is  adequate  for  estimating  the  API  I  in  a  patch  where  the 
/.,  is  0.5  ml 

The  smallest  detectable  API  I  can  be  estimated  using  the 
root-mean-square  temperature  noise  in  place  of  7  in  (4)  l  or 
the  data  presented  here,  temperature  noise  was  less  than 
0.002  tone  least  count i.  and  the  smallest  significant  API  I  is 
8  '  10  1  m  s  4  Y  teg.  2b  ■  10  s  m:  s  for  V  — 
0.01  “*5  s  1  -  lo  cplu 
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I  ig  I  Six  i epu,^. ;■  nondimensiori.d  Hi. merit 
spectra  I  he  iiondimensional  wave  number  is  /.,A.  where  A  is  radian 
wave  number  and  /  (  is  the  Thorpe  stale.  I,  Sjk)  <lk  l.,  '  The 
slope  lhe  sped  rum  is  greater  than  A  1  and  less  than  A  \  with 
k  '  being  a  reasonable  nunpromise  The  spectra  come  Irom  the 
following  lucaiions  cross  and  open  iriangle  are  from  station  P  mixing 
laver  10-  i.>  *O  m  depth  during  second  Mil  I  storm,  solid  traingle 
and  open  square  are  from  mixing  laver  ol  (ireen  Peter  Reservoir.  0- 
io  fi-tn  depth  during  s  in  s  winds  solid  square  and  open  hexagon  are 
from  mixing  laver  ol  Puget  Sound.  «>  in  14-tn  ileplh.  during  10-m  s 
w  unis 


3.  API!  AS  A  Ml  A  SI  K I  Ol  ll  Kill  !IM  I 

The  rale  at  which  potential  energy  fluctuations  arc  dissi¬ 
pated  is  V ~  DC  [Dillon.  1984].  where  D  is  the  molecular  dillus- 
ivity  and  ( '  is  the  Cox  number  (  Oshorn  and  0»\.  1972  J. 

a 

c  —  \  (<  r  r\fp’ 1  >•  i  (  /.  (7c/ 1 

T  he  summation  in  (7</)  js  over  all  three  spatial  directions,  and 
7  is  a  fluctuation  from  the  mean.  The  C  ox  number  is  ob¬ 
tained  from  an  isotropy  assumption  because  u  is  impossible  to 
measure  the  full  three-dimensional  temperature  gradient  spec¬ 
trum.  A  one-dimensional  vertical  C  ox  number  C  can  be  de¬ 
li  net!  as 

C\  -  A(  l  ‘  t'z)1  •  ('  Cl  i'7.  :|  (7/>) 

If  the  turbulence  is  isotropic.  C  -  3C\.  Assuming  that  a  poten¬ 
tial  energy  production-dissipation  balance  holds,  and  the  hori¬ 
zontal  heat  flux  is  on  average  small  compared  with  the  vertical 
heal  llux.  the  vertical  eddy  dilliisivity  is  3 D(\  [Oshorn  and 
Coy.  1972],  and  the  buoyancy  llux  is 

7.1/  w  /  \:D(  }\ 2 1)(  \  (8</| 

I  Ticritical  acceptance  of  (X</|  is  difficult  because  u  7  has 
never  been  measured  in  the  ocean  and  the  assumptions  lead¬ 
ing  to  i X)  have  not  .til  been  tested  Although  the  local 
production-dissipation  balance  assumption  is  often  made,  it 
may  not  be  a  good  approximation.  A  counterassumption  to 

|S</»  IN 


Y-'DC  yii  n  7  \Xb) 

that  in.  MH  \  in  an  upper  bound  on  the  vertical  dilliiMv  il  v . 

A  nondimension.il  potential  energy  can  be  defined  from  the 
\P1T  .  the  buoyancy  frequency,  and  the  molecular  dillusmiy 
of  temperature  as  ( AIM  h  i/)\i  I  he  motivation  for  this 
choice  in  to  be  able  to  relate  the  available  potential  energy  to 


1.0  2.0  3.0  4.0  5.0 

log  [Cp,l 

I  ig  2  lhe  onc-ditncnNion.il  t  ox  runnhci  (  ,  plotted  vcimin  lhe 
nondnncriNional  available  potential  energy.  (  i API  I  l  I  \  D\. 
where  ,\  in  Iniovuncx  frequency  and  P  in  the  diflusivity  of  temper- 
.i l urc  Solid  triangles  ate  those  dimples  where  4r\fM  I  l.\  *  ...  a  cti- 
tenon  unciI  hv  Ihlhm  |  l4)N4j  to  distinguiNh  iIionc  eases  where  gravi¬ 
tational  collapse  may  be  an  important  process 
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l  le  11k*  dissipation  Richardson  number  Rn  \  PC'  i<  t  V  /.)(  I  versus  the  ratio  (  ,  (  ,,,  C \  (  r,  shows  no  system¬ 
atic  dependence  on  R„  Solid  triangles  as  in  I  iguro  2. 


the  pfiHiuci  of  a  basic  time  scale  of  the  system  Isay.  1  V)  and  rate,  and  therefore  the  Oznndov  scale,  through  the  dissipation 

the  rate  ol  potential  energy  dissipation.  \:DC  The  utility  of  Richardson  number  Rp  [Dillon.  1984]: 

this  detinition  can  be  tested  by  comparing  (  to  the  one- 

dnnensional  (ox  number  (  ,  We  find  that  they  are  nearly  R»  ~  .\“/X(<:  f  \~L)(  )  1  (10) 

equal  o\er  four  decades  | figure  2.  using  Ihllons  |  I9S2.  1984] 

data  base,  which  is  composed  of  measurements  is  actively  (  ,  *  r.  ,s  n°l  systematically  dependent  on  Rn  (Figure  .b.  but 

mixing  surface  layers  and  the  seasonal  thermoclines  of  (ireen  there  is  a  systematic  trend  relating  Lt  to  Rn  (I- igure  4|. 

Peter  Reservoir  and  ocean  station  P)  There  are  no  systematic  This  suggests  that  the  fundamental  relationship  is  (9|,  with 
departures  from  a  constant  proportionality  between  (  and 
(  .  and  1  igure  2  can  be  summarized  as 

(  ,  ( M»  *  0  .b(fli  (9> 

Mie  factor  o|  !  h  is  the  mean  ol  <  ,  (  r<  tor  the  102  measured 
examples,  the  random  uncertainty  of  the  mean  is  0..T  with  a 
9»>  Lonlidenee  interval  (determined  fiom  a  bootstrap  test 
consisting  of  looo  separate  averages  of  102  components  ran¬ 
domly  chosen  from  the  measured  parent  population  of 
(  \  (  r<  i  In  addition,  there  is  a  Jo  systematic  uncertainty  in 
the  value  of  (  ,  [Dillon.  1982)  I  he  freshwater  lake  observa¬ 
tions.  where  the  density  is  completely  determined  by  temper¬ 
ature.  are  not  dilVerent  Irom  the  oceanic  observations,  where  a 
one-to-one  relation  between  temperature  and  density  is  as¬ 
sumed 

(  ,  is  used  m  f  igure  2  rather  than  (  to  make  clear  that  the 
relation  is  empirical  and  does  not  depend  on  an  isotropy  as¬ 
sumption  However,  if  the  turbulence  is  isotropic.  I- igure  2 
implies  that  the  rate  of  dissipation  of  potential  energy  is  pro¬ 
portional  to  the  available  potential  energy  The  proportion¬ 
ality  constant  is  about  tJ  «  lb)\  4  X  V.  i  c.  the  c-folding 
time  tor  dissipation  ol  the  API!  is  about  0  2  V.  V\.  ol  a 
buoyancy  period 

The  API  I  -(  ox  number  relation  is  not  equivalent  to  the 
( )/ninlov  scale  Thorpe  scale  relation  \  Dillon.  1982]  While  the 
API  1  is  related  to  the  square  of  the  Thorpe  scale  through  (  Jl. 
the  (  ox  number  is  related  to  the  kinetic  energy  dissipation 


-0.0  0.5  1.0 


log  [L0/Lt] 

lie  4  I  li>  dissipation  Richardson  number  Rl}  A  /)(  n 
*  \  /)<  i  xoi'.j  the  lain*  I does  depend  systematically 

on  R  ,t.  though  lor  large  R,,  the  approximation  / holds  Solid 
n  tangles  as  m  I  mure  2 
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1  ig  5  Wind  speeds  measured  fioni  K  X  (>t  ruuuurupficr  during  (tie  Mild  expel mieiii  1  lieie  ale  iwo  inauu  -a.-im- 
eudenl  in  the  \sind  rcsurU  ihe  strongest  on  daw  '  14  the  other  on  du>  ’4 : 


L0  ^  L,  in  some  specific  setting  being  contingent  on  having 
no  large  variation  in  R„. 

4  l-'xAStm  :  Till  APEE  xt  Simios  I* 

The  utility  of  the  A  PIT  can  be  demonstrated  by  examining 
profiles  of  temperature  mierostrueture  in  the  seasonal  ihermo- 
eline.  A  large  number  of  mierostrueture  easts  through  the  sur¬ 
face  layer  and  seasonal  thermocline  were  made  at  ocean  sta¬ 
tion  P  in  1477  during  the  Mixed  Layer  Experiment  iMILEl 
The  instrument  was  a  free-fall  vehicle  with  high-frequency 
thermistors  and  a  pressure  sensor:  occasionally,  a  Neal-Brown 
conductivity  cell  was  also  used  |  Dillon  iiiui  ('«/</ wv/J.  I4S0: 
CalJwcIl  ft  til..  1480:  Dillon.  1482.  1484],  The  vertical  temper¬ 
ature  gradient  spectrum  wax  entirely  resolved  much  of  the 
time,  but  in  some  easts,  either  the  turbulence  was  too  energetic 
or  the  high-frequency  temperature  gradient  signal  was  too 
small  to  completely  resolve  the  spectrum  at  all  depths.  Oc¬ 
casionally.  the  drop  speed  was  too  large  to  enable  full  spectral 
resolution.  However,  the  temperature  was  resolved  on  0.01-  to 
0.02-m  vertical  length  scales  in  all  cases  and  is  adequate  for 
calculating  the  APEK. 

Caution  is  necessary  when  calculating  Thorpe  statistics  in 
salt  water  because  temperature  inversions  are  not  always  as¬ 
sociated  with  density  inversions.  Even  when  conductivity  is 
measured,  it  is  unlikely  that  density  will  be  resolved  on  a  small 
enough  vertical  scale  to  provide  meaningful  Thorpe  statistics. 
We  distinguish  nonturbulcnt.  salinity-stabilized  intrusions 
from  turbulent  overturns  by  noting  that  in  a  nonmixing  intru¬ 
sion,  there  is  no  high-frequency  temperature  gradient  signal 
The  few  intervals  found  to  contain  nonturbulcnt  inversions 
were  discarded. 

The  profiles  were  analyzed  in  three  segments,  the  "mixed 
layer,"  the  "upper  thermocline."  and  the  "lower  thermocline" 
All  data  above  10  m  were  rejected  because  the  profiler  was 
launched  from  the  surface  and  depths  shallower  than  10  m 
might  have  been  contaminated  by  the  ship  s  wake.  The  mixed 
layer  was  operationally  defined  as  the  interval  between  10-tn 
depth  and  the  depth  where  the  temperature  began  to  change 
rapidly  (note  that  using  (his  definition,  the  mixed  layer  o  dis¬ 


tinct  from  the  mixing  layer,  and  the  mixed  layer  in  this  context 
max  or  may  not  be  turbulent)  Ihe  lower  limit  of  the  mixed 
layer  was  chosen  such  that  at  least  a  small  interval  of  quies¬ 
cent.  nonoverturning  fluid  separated  the  mixed  layer  and 
upper  thermocline  regions  The  change  in  tempo. nine  .moss 
the  mixed  layer  was  (I  4  0  5  < 

The  upper  thermocline  region  was  defined  as  the  interval 
between  the  mixed  layer  base  and  the  4  isotherm  Ihe  lower 
boundary  of  ihe  upper  thermocline  was  defined  in  terms  ol 
lived  isotherms  rather  than  lived  depths  to  minimize  ihe  intlu- 
ence  of  internal  waves  and  tides.  I  he  approximate  depth  range 
of  the  upper  thermocline  was  .10  3'  m.  although  there  was 
great  variability  in  depth  because  of  internal  waves  and  tides 
The  mean  buoyancy  frequency  in  the  upper  thermocline  was 
20  cph..  with  a  standard  deviation  of  h  cph  The  lovvei  thermo¬ 
cline  region  began  at  the  4  isotherm  (approximately  35-m 
depth >  and  extended  to  50-m  depth  The  mean  buoyancy  fre¬ 
quency  in  the  lower  thermocline  was  II  cph.  with  a  standard 
deviation  of  2  cph 

fasts  were  made  on  18  days  |i out  Julian  day  230  to  250. 
1477.  Winds  usx'xl  for  this  analysis  were  observations  from  the 
ship  R  V  fh cuiN'urupiicr.  which  was  also  the  platlorm  lor  the 
mierostrueture  experiment  I  wo  major  storms  were  en¬ 
countered.  the  first  on  days  24 3  235.  with  wind  speeds  to  20 
in  s.  and  the  second  on  days  242  243.  with  winds  to  P  m  s 
file  latter  storm  was  characterized  by  strong  winds  lor  an  X- 
lo  10-hour  period,  a  lull  for  '  4  hours,  followed  bv  strong 
winds  for  8  10  hours  lEiglire  5). 

I  lie  API  I-  was  averaged  over  all  easts  on  each  day  except 
the  d a y  of  the  second  storm,  when  data  from  the  lull  and 
strong  wind  periods  were  separately  averaged  file  mixed 
layer  APEE  is  not  very  useful  because  sampling  began  at  !0-m 
depth,  and  the  upper  mixed  layer  was  never  sampled 

I  urge  peaks  in  the  upper  thermocline  APEE  are  associated 
with  the  two  major  storms  on  days  234  ami  243  lEigure  bn  1 
I  lie  upper  (hernioclme  ('  is  approximately  2000  on  day  234, 
and  500  during  the  latter  half  of  day  243  (f  igure  b/>  1  Appar¬ 
ently.  surface  stress  can  cause  mixing  in  the  upper  thermocline 
Ihe  rate  of  energy  transfer  from  the  wind  stress  to  Ihe  upper 
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I  ig  <>  Solid  triangles  arc  ihc  un  API  I  and  (hi  (  r,  for  the  upper  seasonal  thermoeline  during  Ihe  MILE  experiment 
I  he  continuous  trace  is  proportional  to  the  surface  stress  anti  ts  plotted  on  a  linear  scale.  The  APEE  is  large  during  both 
storms,  when  (he  surface  stress  was  large 


thermoeline  must  have  been  rapid,  because  during  the  second 
storm  (day  243).  the  A  PEE  is  no  larger  than  normal  during 
the  lull  but  is  approximately  30  times  larger  than  normal 
when  the  wind  increases  2  3  hours  later  Ihe  same  fast  re¬ 
sponse  for  thermoeline  kinetic  energy  dissipation  rates  has 
previously  been  noted  [ Dillon  < mil  (iiH»i-/l.  19X0] 

In  the  lower  thermoeline  region,  the  APEE  is  largest  (I 
x  10  itt  s  -’l  during  the  first  storm  (f  igure  7u).  but  no 
response  can  be  seen  during  the  second  storm  Occasionally, 
the  lower  thermoeline  API  I  is  large  while  the  wind  speed  is 
small  (5  x  10  nr’ s  ’  on  day  230  and  3.5  x  10  '  nr  s  2  on 
day  240)  Apparently,  significant  mixing  unrelated  to  wind 
stress  can  occur  in  the  lower  thermoeline  region. 

The  dilfusivity  can  be  estimated  from  (XI  and  (9)  as  of  order 
5 P(  r..  (note  that  this  may  be  an  upper  limit)  During  the  first 


storm.  5DC'  is  14  x  10  4  nr  s  1  in  the  upper  thermoeline. 
and  2.h  x  10  4  nr  s  1  in  the  lower  thermoeline. 

Intermittent  mixing  events,  presumably  caused  by  internal 
waves,  can  he  seen  throughout  Ihe  thermoeline  region  even 
when  the  surface  forcing  is  weak  This  "background"  mixing 
was  analyzed  by  excluding  the  two  storm  events.  The  mean 
background  APEE  in  the  upper  thermoeline  is  (16  +  5) 
x  10  4  nr  s  ’  and  is  (14  +  4)  x  10  4  m2  s  2  in  the  lower 
thermoeline.  I  Ihe  uncertainties  reflect  a  90"..  confidence  inter¬ 
val  and  were  determined  from  a  bootstrap  test.  Sixteen 
random  samples  were  chosen  from  the  measured  population 
of  the  APEE  for  a  given  region,  and  mean  values  were  found. 
Ihe  test  was  repeated  100  times,  and  a  histogram  of  the  100 
means  was  prepared;  90"..  of  the  means  were  above  the  lower 
limit,  and  90"  of  the  means  were  smaller  than  the  upper 
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Fig.  7.  Solid  squares  are  rhe  (ul  APCF  and  {/>>  C  for  the  lower  seasonal  thermocline  during  the  MILE  experiment. 
The  continuous  trace  is  proportional  to  the  surface  stress  and  is  on  a  linear  scale  The  APEF  and  C  are  both  large 
during  the  strong  first  storm.  No  significant  response  in  the  APEF  or  Cpr  can  be  seen  in  the  lower  thermocline  during  the 
weaker  second  storm. 


limit.)  The  upper  thermocline  APEF  is  not  significantly  differ¬ 
ent  from  the  lower  thermocline  APEF  at  a  30%  confidence 
level  There  appears  to  be  no  systematic  dependence  of  the 
background  APEF  on  N:  both  upper  and  lower  thermocline 
APEF  distributions  could  have  come  from  the  same  popu¬ 
lations  (Figure  8|. 

The  mean  background  Cpr  is  33  ±  8  for  the  upper  thermo¬ 
cline  and  58+16  for  the  lower  thermocline  (a  bootstrap  test 
similar  to  that  described  above  was  used  to  determine  the 
90"'..  confidence  limit  uncertainties).  The  upper  and  lower 
thermocline  C  difference  is  significant  at  the  98%  confidence 
level.  The  “standing  crop"  of  potential  energy  (i.e.,  the  APEF) 
is  statistically  similar  in  the  upper  and  lower  thermocline.  but 
('  is  larger  in  the  lower  thermocline  because  the  buoyancy 
frequency  is  smaller  there  The  background  diffusivity  estimate 


5IH  is  0.33  x  10  4  nr  s  '  in  the  upper  thermocline  and 
0.41  x  10  4  nr  s  1  in  the  lower  thermocline. 

5.  SUMMARY  ANI>  DISCUSSION 
It  is  not  necessary  to  measure  the  entire  displacement  spec¬ 
trum  in  order  to  measure  the  available  potential  energy  in 
overturns,  and  temperature  probes  with  less  than  perfect  verti¬ 
cal  resolution  can  be  used  to  find  the  APEF.  as  long  as  a 
one-to-one  relation  exists  between  temperature  and  density  in 
the  region  of  interest.  If  a  wavelength  of  1/5  the  Thorpe  scale 
can  be  resolved,  approximately  90"..  of  the  variance  in  the 
displacement  spectrum  can  be  resolved.  The  APEF"  provides  a 
measure  of  mixing  in  thcrmoclincs.  and  the  Cox  number  can 
be  estin.ated  from  the  APEF  and  the  buoyancy  frequency. 
During  the  MILE  experiment,  the  seasonal  thermocline  ex- 
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Pig  X.  The  "background"  APE  l  plolled  against  buoyancy  frequency.  The  two  stormy  days  (234  and  243)  are  exclud¬ 
ed.  Solid  triangles  are  from  the  upper  therntocline  region,  and  solid  squares  are  from  the  lower  thermocline  region.  The 
mean  A  PI  I  in  the  lower  region  is  not  significantly  different  from  the  upper  thermocline  APEF.  and  the  distributions  in 
each  region  have  similar  appearances. 


hibited  increased  mixing  when  the  surface  was  forced  by 
strong  winds.  The  response  was  rapid.  The  depth  at  which 
increased  mixing  was  found  depended  on  the  strength  of  the 
forcing:  during  the  strongest  storm,  the  APEK  was  large  in 
both  the  upper  and  lower  thermocline.  but  during  a  weaker 
storm,  the  APEF  was  large  only  in  the  upper  thermocline.  On 
two  days  out  of  the  16  days  examined,  the  lower  thermocline 
APEK  was  between  I  3  and  l  2  as  large  as  the  APEE  was 
during  the  strongest  storm.  These  days  are  probably  signifi¬ 
cant  to  any  long-term  average  of  heat  and  momentum  trans¬ 
port.  yet  the  enhanced  mixing  on  these  days  was  not  related  to 
the  local  wind.  The  upper  thermocline  APEK  was  not  signifi¬ 
cantly  different  from  the  lower  thermocline  APEK  when  the 
surface  was  not  strongly  forced. 

Other  suggestions  of  a  more  speculative  nature  can  be 
made.  It  is  reasonable  to  assume  that  the  background  APEF 
is  caused  by  the  internal  wave  field  and  that  the  internal  wave 
field  at  station  P  is  reasonably  well  described  by  a  universal 
internal  wave  spectrum.  Gari/ett  and  Holloway  [1984]  (here¬ 
after  OH  I  suggest  that  the  kinetic  energy  dissipation  rate  is 
proportional  to  S'1,  within  a  factor  of  2.  OH  examined  two 
universal  internal  wave  models,  one  yielding  q  =  I.  the  other 
i/  =  1.5.  and  gave  some  preference  to  the  q  =  I  model.  If 
if  -  I.  there  is  a  "universal"  constant  g  s  4  x  10  m-'  s  2 

(the  numerical  value  taken  from  GH's  figure),  with  i:  >  pS. 
This  is  consistent  with  a  model  where  the  APEK  is  indepen¬ 
dent  of  depth  and  buoyancy  frequency  and  so  is  constant 
wherever  the  internal  wave  field  is  universal  The  "constant" 
value  we  would  choose  for  the  APEK  would  be  15  x  10  "  m’ 
s  •  (within  a  factor  of  2,  in  the  spirit  of  GH).  This  average 
APEK  for  both  upper  and  lower  thermocline  is  close  to  /l3. 

If  the  APEK  is  constant  (and  we  reiterate  here  that  this  is  a 
speculation  based  on  limited  observations  and  not  a  proven 
conclusion),  the  scaling  of  some  important  quantities  in  the 
deep  ocean  can  be  predicted:  C  .  and  hence  the  C  ox  number. 


should  be  proportional  to  .V  '.  Because  of  (3).  the  Thorpe 
scale  should  be  proportional  to  :V  and  because  of  (8).  the 
turbulent  heat  llux  should  be  proportional  to  ,V.  Extensive 
measurements  in  the  deep  ocean  must  be  made  to  test  the 
truth  of  GH's  model  and  these  suggestions. 
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ABSTRACT 

A  layered  model  of  the  steady  circulation  in  the  South  Pacific  Ocean  is  constructed  along  the  lines  of  Luyten, 
Pedlosky  and  Stommel,  and  driven  by  the  mean  annual  wind  stress  distributions  computed  by  Hellerman  and 
Rosenstein.  The  results  of  the  model  agree  quite  well  with  published  maps  of  topography  of  density  surfaces 
and  circulation.  Best  agreement  is  found  in  the  deeper  layers.  The  deepest  modeled  layet,  of  density  range  26.90 
<  a,  <  27.30,  which  contains  the  core  layer  of  the  Antarctic  Intermediate  Water,  transports  northwards  some 
14  Sv  (1  Sv  «  10°  mJ  s  1 )  between  New  Zealand  and  South  America.  Of  this,  about  three  quarters  comes  from 
the  west  in  an  intense  zonal  jet  that  rounds  the  southern  tip  of  New  Zealand  and  quickly  fans  out  from  the 
boundary  current  along  those  islands  into  the  anticyclonic  gyre.  Some  5  Sv  returns  southwards  in  the  Australian 
boundary  current.  Much  of  the  anticyclonic  gyre  in  the  western  South  Pacific  is  taken  up  by  a  shadow  zone 
formed  in  the  shelter  of  New  Zealand,  where  the  submerged  layer  loses  direct  contact  with  the  wind  driving, 
and  where  uniform  potential  vorticity  is  postulated.  The  modeled  circulation  in  the  shallowest  layer  in  tropical 
regions  is  considerably  weaker  than  the  observed  circulation. 

Transport  in  the  New  Zealand  western  boundary  current  is  determined  by  the  necessity  to  achieve  the  same 
pressure  in  each  layer  at  the  northern  end  of  the  islands  as  at  the  southern.  Similar  considerations  applied  to 
the  landmass  of  Australia  and  Papua-New  Guinea,  regarded  as  isolated  from  Southeast  Asia,  suggest  a  considerable 
net  northward  transport  between  Australia  and  South  America,  which  can  only  escape  through  the  Indonesian 
passages.  The  distribution  of  this  transport  among  layers  is  set  in  the  model  by  the  input  conditions  at  the 
southern  boundary  (where  much  of  it  must  be  in  the  deeper  layers),  after  which  it  cannot  change  because  of 
mass  conservation  within  each  layer  (i.e.,  no  cross-isopycnal  flux  is  allowed).  This  modeling  assumption  is  too 
strict  and  may  be  the  reason  for  the  prediction  of  shallow  circulations  much  weaker  than  observed. 


1.  Introduction 

In  this  paper  we  apply  a  simple  model  of  wind-driven 
baroclinic  circulation  to  the  South  Pacific  Ocean.  The 
model  is  identical  (with  slight  modifications)  to  that 
developed  by  Luyten  et  al.  (1983:  hereafter  LPS)  and 
applied  by  them  to  the  North  Atlantic  Ocean.  Talley 
(1985)  applied  the  same  model  to  the  North  Pacific. 
The  essential  features  of  the  model  are  the  following. 
A  vertical  stack  of  homogeneous  layers  is  driven  at  the 
surface  by  the  wind  stress.  Water  in  layers  at  the  surface 
becomes  submerged  under  layers  of  lighter  water  as  it 
flows  equatorward.  The  densities  of  the  layers  and  their 
subduction  latitudes  are  choosable  parameters  of  the 
model.  The  total  (vertically  integrated)  mass  transport 
is  given  by  the  curl  of  the  wind  stress  (except  in  the 
western  boundary  currents),  as  proposed  by  Sverdrup 
(1947).  Within  each  layer  not  directly  in  contact  with 
the  surface,  potential  vorticity  is  conserved  by  the  mo¬ 
tion.  These  principles  serve  to  determine  the  partition 
of  the  Sverdrup  transport  among  layers;  that  is.  the 
circulation  in  each  layer  and  the  layer  thicknesses. 

Submerged  layers  are  divided  into  ventilated  and 
unventilated  zones.  In  the  ventilated  zones,  a  stream¬ 
line's  potential  vorticity  is  set  at  the  point  where  it  is 
first  subducted  and  loses  direct  contact  with  the  wind 
stress.  Water  in  unventilated  zones  (shadow  zones)  is 


never  in  direct  contact  with  the  wind,  and  an  additional 
hypothesis  about  its  potential  vorticity  distribution  is 
necessary  to  determine  its  motion.  The  simplest  asser¬ 
tion  to  make  (unless  the  flow  is  stagnant)  is  that  po¬ 
tential  vorticity  is  constant  throughout  a  shadow  zone. 
This  notion  has  some  theoretical  support  (Rhines  and 
Young.  1982).  and  reflects  both  numerical  modeling 
experience  (Holland  et  al..  1984)  and  oceanographic 
data  (Keffer,  1985).  The  technical  features  of  the  model 
are  reviewed  in  section  2.  Some  novelties  are  intro¬ 
duced  into  the  circulation  by  the  presence  of  New  Zea¬ 
land  and  the  possibility  of  outflow  of  Pacific  water  into 
the  Indian  Ocean  through  the  deep  Indonesian  Passages 
(Godfrey.  1987).  Flows  in  the  western  boundary  cur¬ 
rents  in  each  layer  along  New  Zealand  and  Australia- 
Papua  New  Guinea  (regarded  as  an  isolated  continent) 
are  determined,  not  by  the  familiar  requirement  to 
balance  the  interior  Sverdrup  transport,  as  at  the  edge 
of  a  confined  ocean  basin,  but  by  the  necessity  of 
achieving  the  same  pressure  at  the  northern  end  of  the 
landmass  as  at  the  southern,  so  that  there  be  no  net 
geostrophic  flow  into  the  back  side  of  the  landmass. 
These  considerations,  discussed  in  sections  4  and  5. 
determine  the  transports  and  vertical  structure  of  the 
boundary  currents  along  eastern  New  Zealand  and 
Australia-Papua-New  Guinea. 

The  model,  comprised  of  three  moving  layers,  is 
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driven  by  the  annual  mean  wind  stress  field,  obtained 
from  Hellerman  and  Rosenstein  (1983).  Results  are 
shown  in  section  3.  The  topography  of  the  deepest  layer, 
in  whose  density  range  the  salinity  minimum  core  layer 
of  the  Antarctic  Intermediate  Water  would  fall,  closely 
resembles  the  observed  topography  of  a  density  surface 
representative  of  the  core  layer.  The  middle  layer  of 
the  model,  too,  resembles  the  observed  topography  of 
density  surfaces  that  would  be  contained  in  it,  and  ex¬ 
hibits  circulation  patterns  similar  to  the  observed.  The 
shallowest  layer,  while  showing  some  of  the  observed 
equatorward  shift  of  the  anticyclonic  gyre  with  de¬ 
creasing  depth,  and  showing  reasonable  agreement  with 
observed  circulation  in  more  temperate  latitudes,  gives 
only  a  poor  representation  of  the  observed  shallow 
tropical  circulation.  Some  reasons  for  this  shortcoming 
are  discussed. 

The  summary  remark  made  by  Warren  (1970)  that 
the  South  Pacific  in  the  upper  kilometer  is  described 
remarkably  well  by  the  Sverdrup  (1947)  theory  of  wind- 
driven  transport  is  borne  out.  We  may  go  further  and 
say  that  the  distribution  of  the  Sverdrup  transport 
among  density  layers  in  the  vertical  is  fairly  well  de¬ 
scribed  by  considerations  of  potential  vorticity  conser¬ 
vation.  This  partition  is  basically  determined  at  the 
southern  boundary  in  the  model.  Thereafter  it  is  im¬ 
mutable  because  of  the  assumption  of  continuity  of 
net  mass  transport  in  each  layer  (i.e.,  no  cross-isopycnal 
exchange  between  layers).  This  too  strong  insistence 
on  layer-by-layer  mass  conservation  may  be  the  reason 
for  the  poor  model  agreement  in  the  tropics,  where  the 
observed  strong  surface  circulation  may  partially  result 
from  significant  mass  fluxes  across  the  pycnocline. 

2.  The  model 

A  brief  description  of  the  model  is  presented  here. 
More  details  can  be  found  in  LPS  and  Talley  (1985). 
whose  notation  we  follow  closely.  The  model  consists 
of  three  layers  with  densities  p\,  p2,  p?  underlain  by  a 
fourth  inert  layer  of  density  pt.  The  assumption  of  no 
motion  in  the  fourth  layer  implies  that  the  horizontally 
variable  part  of  pressure  in  the  lighter  layers  is  given 
bv 

3 

P*/p  =  2  7.W..  n-  1,2. 3.  (2.1) 

where  y,  =  g{p,n  -  p,)/p  is  reduced  gravity  between 
the  z'th  and  (/  +  1  )th  layer,  and  //,  is  the  depth  of  the 
bottom  of  the  /th  layer  (Fig.  1).  The  thickness  of  the 
/th  layer  is  h,  -  //,  -//,,.  The  bottom  of  the  nth  layer 
surfaces  at  the  constant  latitude  j'„,  poleward  of  which 
//„  -  0. 

a.  The  Sverdrup  relation 

The  vertically  integrated  meridional  geostrophic 
transport  is 


« —  EQ 
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Fig.  I.  A  schematic  meridional  cross  section  of  the  layer  structure 
of  the  model.  The  base  of  the  nth  layer  outcrops  at  y„ . 


2 7 «Hn2  =  -\.r  Sj (zV  +  z/.vr) 

1 

(2.2) 

(Sverdrup.  1947).  where 

/V(.v.r)=  -(£>,)■  '2f2  jl  z-Vx(T/J>J)d.\\  (2.3) 

and  P(.x.  y)  is  called  the  integrated  steric  height.  At  the 
eastern  boundary  ,V/.(.r),  we  take  //,  =  //:  =  0,  and 
IT  =  //in.  a  constant,  taken  to  be  800  m  for  the 
South  Pacific  Ocean.  (LPS  omit  the  subscript  3  on  //, 
and  //„,.) 

h.  Potential  vorticity  conservation 

From  the  assumptions  ot  geostrophy  and  mass  con¬ 
servation  in  each  layer,  follows  the  conserv  ation  of  po¬ 
tential  vorticity  in  layers  which  are  not  directly  forced 
by  the  wind,  namely. 

f/hn  =  G„(p„).  (2.4) 

The  functions  G„  are  determined  by  the  methods 
described  by  LPS  and  Talley  (1985).  For  the  present 
model  only  G'y  and  O';  are  required.  Table  1  specifies 
the  possibilities  for  G i  across  the  top  row,  and  for  6\ 
down  the  left-hand  column.  The  G}  possibilities  are 
distinguished  by  the  symbols  W.  V.  E  for  nestern 
shadow  zone,  rentilated  zone,  eastern  shadow  zone. 
The  corresponding  regions  between  )y  and  ly  are 
marked  on  Fig.  2.  In  V,  the  potential  vorticity  of  layer 
3  is  determined  as  the  layer  flows  under  the  protective 
blanket  of  layer  2  at  yy.  Region  E  denotes  the  stagnant 
region  along  the  eastern  boundary  in  which  //3  =  My, 
everywhere,  and  potential  vorticity  considerations  are 
irrelevant.  Region  W  is  bounded  in  the  east  by  //j 
=  M 3W,  the  value  of  M3W  given  by  the  theory  for  region 
V  at  the  southern  tip  of  New  Zealand.  Inside  this  un¬ 
ventilated  region,  potential  vorticity  is  set  equal  to  a 
constant, /j/M3w  •  As  layer  2  slips  under  the  protective 
blanket  of  layer  1  at  yy ,  its  potential  vorticity  G2  is 
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Tabi  c  1.  The  (i2  and  O',  functions.  and  the 
regions  of  their  definition. 


0, 

0; 

w  ;/,///,»* 

V:. /;///, 

E:  //*,’ 

,v  (1  +  7.-/7,)/, 

I,  'ft  Id:  '//,» 

WW  (D] 

VW  [E] 

EW 

1(1  -/,//:>  '  +  7:/7>;/, 

w  (1  1 

EV  | M ] 

'  V.  ’ft 

E:  T’  'A 

7  1  ft  -  // .W 

EE  |RJ 

*  Constant 

’  Denotes  that  //,  -  //„>. 


determined  according  to  whether  it  overlies  water  in 
layer  3  belonging  to  region  E.  V  or  W.  Hence,  the  (l: 
possibilities  are  similarly  designated  E.  V.  W.  The  area 
equatorward  of  p,  in  Fig.  2  is  split  into  a  number  of 
regions  by  the  layer  2  and  3  streamlines  (denoted  in 
Fig.  2  b>  the  labels  “2"  or  "3”)  issuing  from  vf  and 
Yv, .  the  longitudes  defining  the  ventilated  band  V  of 
layer  3  along  ly .  These  regions  are  designated  by  a  two- 
letter  code  on  Fig.  2.  The  first  letter  identifies  the  <7, 
function  for  the  region,  and  the  second  letter  the  ap¬ 
propriate  G':  function.  The  two-letter  codes  a.e  entered 
also  in  Table  1.  Looking  up  region  VW  in  Table  1.  for 
example,  we  see  that  in  this  region  in  Fig.  2.  (»,  =  Id 
//,.  and  6':  =  (1  +  >:/t  i)./i/(y  s  L  h  'll iw). 

The  entries  in  braces  in  Table  1  indicate  the  regions 
denoted  L.  M.  R  b>  EPS  and  D.  E  by  Talley  ( 17X51 
The  mathematical  problem  in  terms  of//,.  11.-.  II, 
is  uniquely  determined  by  (2.4)  for  n  -  2.  3  (given  the 
appropriate  choice  off/,.  (I;  from  Table  I  in  a  given 
region  of  interest),  and  by  the  Sverdrup  transport  con¬ 
straint  (2.2).  [Poleward  of  it  .  set  II,  s  0  and  discard 
(2.4)  for  n  -  2:  poleward  of  y:.  set  //;  =  0  also,  and 
discard  (2.4)  altogether.) 


Tablc  2.  The  density  layer  parameters  used  in  the  model 


Laver 

In) 

Density 

interval 

Midlayer 

density. 

l> n 

Reduced 

gravity 

HO'  ijg) 

Outcrop 

latitude 

On) 

1 

2h.05-26.25 

26. 1 5 

0.425 

39°S 

2 

26.25-26.90 

26.575 

0.525 

5 1  °S 

3 

26.90-27.30 

27,10 

0.30 

— 

4 

27.30-27.50 

27.40 

— 

— 

c.  Layer  densities 

The  values  of  the  layer  densities  used  in  the  model 
are  listed  in  Table  2.  These  layers  are  adapted  from 
those  dehned  by  Keffer  ( 1985).  shown  for  comparison 
in  Table  3.  in  his  study  of  the  potential  vorticity  dis¬ 
tribution  in  the  world’s  oceans.  From  Keffer's  maps, 
a  crude  winter  outcrop  band  can  be  estimated  (the  out¬ 
crop  band  is  by  no  means  zonally  uniform)  for  each 
layer.  A  value  near  the  equatorward  extreme  of  this 
band  is  chosen  for  the  outcrop  latitude  of  the  bottom 
of  layers  I  and  2  in  Table  2.  Figure  3  shows  a  H-S 
diagram  for  the  South  Pacific,  with  the  density  intervals 
of  Tables  2  and  3  indicated.  Note  that  layer  3  (and 
Keffer's.  1985.  layer  C)  brackets  the  range  of  densities 
which  occur  at  the  intermediate-depth  salinity  mini¬ 
mum.  the  core  layer  of  the  Antarctic  Intermediate 
Water. 

J  H  ind  stress 

The  annual  mean  wind  stress  field  prepared  from 
normal  monthly  estimates  by  Hellerman  and  Rosen- 
stein  ( 1983).  is  used  to  drive  the  model.  A  map  of  Un¬ 
wind  stress  is  shown  in  Fig.  4 

Wind  stress  curl  is  generally  anticyclomc  throughout 
the  model  domain.  There  is.  however,  a  small  region 
of  cyclonic  wind  stress  curl  between  5°  and  25  S  along 
the  South  American  coast,  which  drives  a  small  cell  of 
cyclonic  circulation.  I  his  cell  is  show  n  shaded  in  I  ig 
2.  The  model  tends  to  predict  surfacing  of  the  bases  of 


l  ilt  2  t  he  various  regions  of  ihc  model  Between  i,  and  i;.  W  is  the  western  shadow  /one.  V  is  ventilated  /one 
F  is  eastern  shadow  /one  Equatorward  of  i  .  the  two-letter  eodes  denote  appropriate  choices  lor  potential  vorticity 
dependences  O  according  to  Table  I 
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Tabi  f  .7  Keller's  ( 1985)  density  layers  in  the  South  Pacific  Ocean. 


Density 

interval 

Midlayer 

density 

(<T») 

Outcrop 

band 

A 

26.05-26.25 

26.15 

B 

26.25-26.75 

26.50 

35“-50oS 

c 

27. 00-2’. 30 

27,15 

50°-60°S 

l) 

27.30-27  50 

27.40 

layers  1  and  2  and  upw  ard  doming  of  the  base  of  layer 
3  in  this  eell. 

e  Model  domain  and  resolution 

The  domain  of  the  model  is  from  the  latitude  of 
Cape  Horn  (57°S)  almost  to  the  equator,  and  from  the 
South  American  continent  to  Australia  and  Papua- 
New  Guinea.  The  model  results  are  computed  on  a  2° 
x  2°  grid,  to  conform  with  the  format  in  which  the 
yvinds  are  supplied.  Since  all  integrations  have  been 
explicitly  carried  out.  there  are  no  numerical  difficulties 
associated  with  grid  resolution. 

Actual  geographic  land  boundaries  are  used,  except 
that  shallow  seas  and  straits  are  tilled  in.  The  southern 
ups  of  New  Zealand  and  Tasmania  are  taken  as  is 
50°S  and  V|.1S  =  46°S.  respectively,  rather  further 
south  than  the  actual  extremities  of  land,  in  order  to 
represent  the  Campbell  and  Tasman  plateaus.  Ihe 
northern  tip  of  New  Zealand  is  at  )\  =  32°S. 

t  I'lte  transport  sireamlitnction  ^ 

Because  the  gcostrophic  transport  is  not  horizontally 
nondivergent.  it  is  convenient  to  augment  it  by  adding 
the  cumulative  meridional  Ekman  transport  from  the 
eastern  boundary  ,  namely  . 

7|  k(  v.  v)  =  -J  T'(f)f)  V/v.  (2.3) 

to  both  sides  of  (2.2).  This  total  transport  is  nondiver¬ 
gent.  so  that  a  transport  streamfunction 

♦  =/  S, (2.6) 

can  be  defined  (ty  =  0  along  the  eastern  boundary, 
while  vk  <■:  0  at  a  given  point  denotes  northward  trans¬ 
port  between  it  and  the  eastern  boundary  ). 

3.  Results 

Though  there  are  special  considerations  to  be  taken 
of  the  circulation  around  New  Zealand  in  order  to  de¬ 
termine  the  flow  in  the  Tasman  Sea  west  of  those  is¬ 
lands.  we  shall  postpone  discussion  of  them  to  section 

4.  and  present  now  solutions  for  the  flow  in  the  three 


layers  of  the  model,  and  discuss  them  in  light  of  ob¬ 
servations  of  the  surface  and  intermediate  circulation. 

a  The  Sverdrup  circulation 

Figure  5  shows  the  Sverdrup  circulation  in  the  South 
Pacific,  computed  from  the  winds  in  Fig.  4.  This  is  part 
of  a  global  map  which  has  been  presented  and  discussed 
by  Godfrey  ( 1987);  it  is  included  here  for  completeness, 
and  comparison  with  the  following  figures.  It  shows 
the  broad  anticyclonic  sweep  of  the  South  Pacific  cir¬ 
culation.  Western  boundary  currents  are  indicated  as 
necessary  to  close  the  circulation. 

The  principle  enunciated  by  Godfrey  ( 1987)  (see  be¬ 
low.  section  4)  establishes  that  the  northward  transport, 
including  the  boundary  current,  between  New  Zealand 
and  South  America  is  29  Sv  (1  Sv  s  nf  m'  s  ');  be¬ 
tween  Australia-New  Guinea  and  South  America,  it 
is  17  Sv.  which  is  held  to  escape  unhindered  into  the 
Indian  Ocean  through  the  Indonesian  passages.  These 
estimates  have  been  used  in  drawing  the  boundary  cur¬ 
rent  along  Australia  in  Fig.  5.  The  I7-Sv  stagnation 
streamline  intersects  the  Australian  coast  at  about  20°S. 
while  Church’s  ( 1987)  estimate,  based  on  hydrographic 
and  other  data,  for  the  latitude  of  bifurcation  of  the 
westward  How  feeding  the  East  Australian  Current, 
is  1 8°S. 

Lest  the  estimate  for  the  Indonesian  throughtlow  be 
considered  too  large,  and  a  smaller  figure,  say  10  Sv. 
or  zero,  be  preferred,  then  that  transport  streamline 
should  be  used  as  the  stagnation  streamline  around 
Australia.  Gordon  (1986)  reviewed  estimates  of  the 
Paeitic-to-Indian  interocean  exchange.  The  present  cs- 
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I  k..  .V  A  composite  n-S  diagram  for  the  South  Pacific  Ocean 
(adapted  from  Gordon  et  al..  1982).  The  densitv  intervals  1.  2.  3.  4. 
of  fable  2.  and  A.  B.  (  .  D  of  Table  3  (Keffer.  1985)  are  indicated. 
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Zealand),  and  extends  east  along  40°S.  The  northward 
limb  is  centered  on  30°S.  The  connection  between  the 
two  limbs  (the  backbone  of  the  C)  is  confused  a  little 
by  the  presence  of  New  Zealand.  Reid  ( 1981 )  has  noted 
such  a  feature  in  dynamic  topography  maps.  It  is  re¬ 
markable  that  it  should  be  evident  in  a  diagram  whose 
provenance  is  solely  the  wind  field. 

b.  Errors  in  the  Sverdrup  transport 

Hellerman  and  Rosenstein  (1983)  display  calcula¬ 
tions  of  Sverdrup  transport  based  on  monthly  wind 
stress  estimates.  Apparently  they  neglect  the  presence 
of  New  Zealand  and  set  the  streamfunction  to  zero 
around  Australia  (i.e..  zero  Indonesian  throughllow  i. 
They  also  provide  monthly  standard  error  estimates  of 
the  wind  stress  and  propagate  them  through  the  cir¬ 
culation  calculation  to  give  error  estimates  for  the 
Sverdrup  transport.  They  show  largest  error  estimates 
in  the  \  icinity  of  New  Zealand,  of  order  50  S\ .  because 
of  the  paucity  of  data  in  the  South  Pacific.  If  the  error 
is  due  to  unresolved  submonthly  or  synoptic  scales  in 
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1  it.  5  Itjnsport  streamfunction  '4'.  in  su'rdrups  (I  Sv  —  10*  m*  s  )  identical  to  the  Sverdrup  stream- 
^  Junction  in  the  ocean  interior  (with  some  modifications  west  of  New  Zealand,  see  section  4k  Note  western 

houndarv  currents  along  New  Zealand  and  Australia. 


timate  of  17  Sv  is  certainly  high  compared  to  those, 
but  not  indefensible.  Of  course,  a  lower  figure  for  the 
Indonesian  throughflow  implies  a  corresponding  en¬ 
hancement  of  the  southward  transport  of  the  East  Aus¬ 
tralian  Current. 

The  boundary  current  required  along  eastern  New 
Zealand  is  quite  weak,  the  maximum  transport  of  14 
Sv  southwards  being  achieved  only  in  a  small  cell  along 
the  southern  part  of  New  Zealand.  A  weak  anticyclonic 
cell  of  magnitude  5  Sv  is  found  in  the  Tasman  Sea  west 
of  New  Zealand.  North  of  this,  a  stronger  anticyclonic 
cell,  of  17  Sv.  is  found. 

The  southern  limit  of  this  cell  is  quite  intense,  and 
should  be  compared  to  the  estimates  of  12-13  Sv  east¬ 
ward  transport  along  the  Tasman  Front,  by  Stanton 
( 1981 ).  and  I  5  S\  in  the  separating  limb  of  the  Eastern 
Australian  Current,  made  bv  Boland  and  Church 
(1981). 

Figure  5  is  remarkable  also  for  the  roughly  ('-shaped 
pattern  ot  the  ridge  of  anticyclonic  circulation.  The 
southward  limb  of  the  ridge  appears  weakly  broken 
into  two  (note  the  T  -  -30  Sv  contour  east  of  New 
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Ekj.  4.  Annual  mean  wind  stress  (Hellerman  and  Rosenstein.  IdX.t). 


618 


JOURNAL  OF  PHYSICA1  OCLANOGRAPHY 


Von  Ml  17 


the  wind  observations,  it  seems  fair  to  divide  this 
monthly  error  by  (12)l/:  to  give  an  error  estimate  for 
the  annual  mean  of  1 5  Sv.  This  figure  should  be  borne 
in  mind  in  interpreting  the  details  of  the  circulation 
cells  east  of  New  Zealand  in  Fig.  5.  North  of 30°S  the 
monthly  error  estimates  are  much  smaller:  less  than 
20  Sv  equatorward  of  30°S.  Dividing  by  ( 12),/:  reduces 
this  to  6  Sv. 

c.  The  haroclinic  circulation:  the  mode! 

The  modeled  circulation  in  the  three  layers  will  now 
be  shown  and  discussed.  Comparison  with  observations 
of  the  circulation  will  be  given  in  the  next  subsection. 

Figure  6  shows  //,.  the  depth  of  the  base  of  layer  3, 
calculated  from  the  model.  The  diagram  shows  the 
broad  sweep  of  the  anticyclonic  gyre  in  the  intermediate 
depths  of  the  South  Pacific.  The  ventilated  part  of  the 
gyre  in  layer  3.  in  the  strict  sense  of  LPS,  is  contained 
in  the  quite  narrow  corridor  between  the  contours  //rw 
=  958  m  and  //*,  =  800  m  around  the  outside  of  the 
gyre.  The  shadow  zone  west  of  the  //w  contour  is  fed 
by  a  zonal  jet  passing  to  the  south  of  New  Zealand. 
This  jet  is  supposed  to  feed  the  western  boundary  cur¬ 
rent  along  the  east  coast  of  the  island,  but  much  of  it 
almost  immediately  peels  off  to  feed  the  interior  flow 
in  the  shadow  zone.  Calculations  to  be  presented  in 
section  4  show  that  the  total  northward  transport  of 
layer  3  water  between  New  Zealand  and  South  America 
is  14  Sv  of  which  74T  .  or  about  10.4  Sv,  is  carried  by 
the  jet  rounding  southern  New  Zealand.  It  somewhat 
strains  the  intuitive  notion  of  "ventilation"  to  not  call 
the  shadow  zone  ventilated,  being  fed  as  it  is  from  west 
of  New  Zealand.  The  term  here  is  used  to  mean  water 
masses  whose  potential  vorticity  was  determined  by 
their  history  of  contact  with  the  wind  when  they  were 
at  the  surface:  in  this  sense,  the  shadow  zone  is  not 
ventilated. 

At  the  northern  end  of  the  islands,  enough  of  the 
(low  in  the  shadow  zone  has  rejoined  the  boundary 
current  to  give  a  northward  flow  of  1.4  Sv,  which 
rounds  the  island  and  feeds  a  weak  eastward  jet  in  layer 
3  into  the  Tasman  Sea. 


Potential  vorticity  ./j///,  only  changes  by  20%  across 
the  ventilated  corridor.  It  is  constant  in  the  shadow 
zone,  by  hypothesis.  So  it  is  roughly  constant  through¬ 
out  the  gyre,  in  good  accord  with  Keffer's  ( 1 985)  map 
of  potential  vorticity  in  what  he  designates  as  layer  C. 

The  topography  of  the  base  of  layer  3  is  taken  to  be 
flat  at  a  value  of  //3  =  1362  m  from  New  Zealand 
through  the  interior  of  the  Tasman  Sea  up  to  the  Aus¬ 
tralian  continent  where  it  is  taken  to  shoal  to  a  value 
of  1 100  m  at  the  southern  tip  of  Tasmania  (see  section 
5).  This  gives  a  southward  transport  of  layer  3  water 
in  the  East  Australian  Current  of  5  Sv. 

On  the  eastern  and  northern  edge  of  the  gyre  along 
South  America  and  extending  along  the  equator,  a 
stagnant  shadow  zone  is  found  with  //•,  =  //•„,  =  800 
m.  except  for  a  weak  cyclonic  cell  of  circulation  driven 
by  positive  wind  stress  curl,  between  5°  and  2 5 0 S  along 
the  South  American  coast  extending  west  about  fifteen 
degrees  of  longitude  at  the  widest  point  In  this  cell. 
II x  shoals  to  770  m.  an  effect  which  is  not  discernible 
in  the  contouring  interval  of  Fig.  6.  Because  of  consid¬ 
erable  augmentation  by  southward  Ekman  transport 
in  the  trade  winds,  this  cell  extends  much  farther  west 
in  the  streamfunction  diagram  of  Fig.  5.  with  a  max¬ 
imum  strength  of  about  10  Sv  (southwards)  at  6°S. 
declining  to  5  Sv  at  12°S.  and  1  Sv  at  20°S. 

The  effective  pressure  head  driv  ing  geostrophic  (low 
in  layer  3  is  t»  'pdp  =  f!  1  *y  v// < .  The  multiplicative 
factor  is  t.’  S.i  =  0.30  x' 10  '  (Table  2).  This  conversion 
can  be  readily  done  on  the  contours  of  Fig.  6.  The  unit 
is  then  equivalent  to  the  "dynamic  meter"  of  tradi¬ 
tional  geostrophic  computations. 

Next  we  show  the  depths  //- .  II, .  of  the  bottom  of 
layers  2  and  1  (Figs.  7.  9).  and  the  pressure  heads 
Pi/, eh  [Eq.  (2. 1 )]  driving  the  geostrophic  flow  in 
these  layers  (Figs.  8.  10).  Layers  2  and  I  only  exist 
equatorward  of  51°S.  39°S.  respectively  .  Both  layers 
exhibit  a  broad  anticyclonic  circulation  in  the  South 
Pacific.  In  the  model.  7/:  and  //,  are  forced  to  zero 
along  the  South  American  coast,  for  the  reasons  LPS 
cite.  Nature  is  not  so  tightly  constrained,  however,  and 
depths  of  order  200-400  m  and  100  m.  respectively, 
are  observed  along  South  America  for  the  isopvcnals 


Flo  6  Depth  H}  (in  hectometers)  of  the  base  of  the  third  layer  calculated  from  the  model.  Multiplication 
by  tilt  1  =  3  x  10- (Table  1 1  gives  pressure  (dyn  ml  driving  the  flow  in  layer  3. 
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Fig.  7.  Depth  //,  (meters)  of  the  base  of  the  second  layer,  calculated  from  the  model. 


corresponding  to  these  interfaces  (see  below).  This 
means  that,  in  addition  to  modeled  depths  /A.  //,  being 
too  shallow  in  the  vicinity  of  the  eastern  boundary, 
gradients  of  /A.  //, .  and  hence  circulation,  are  stronger 
than  observed.  This  bias  in  the  model  must  be  taken 
into  account  in  making  comparisons  with  observations. 

d  The  barodinic  circulation:  comparison  with  obser¬ 
vations 

Let  us  compare  the  circulations  computed  from  the 
model,  and  shown  in  Figs.  6-10.  to  observations  of  the 
circulation  in  the  South  Pacific  Ocean.  The  material 
most  readily  at  hand  is  the  maps  published  by  Reid 
(1965.  1971,  1 986)  ofthe  depths  ofthedensitv  surfaces 
<7,  ---  27.28.  26.81.  26.23  kg  m  3(5,  =  80.  125,  1 80  cl/ 
ton),  as  well  as  acceleration  potential  (dynamic  height), 
salinity  and  oxygen  on  these  surfaces.  We  shall  repro¬ 
duce  here  only  one  of  these  maps,  namely,  depth  of  a, 

27.28  kg  m  '  (Fig.  1 1 ).  Useful  comparisons  may  be 
made  also  with  the  dynamic  topography  maps  of 
Wyrtki  (  1974.  1975).  the  shallow  density  surface  maps 
of  Tsuchiya  (1968)  in  the  tropical  Pacific  Ocean,  and 
Keller's  (1985)  global  maps  of  potential  vorttcity  in 
density  intervals.1 

(he  topography  of /A  ought  to  be  compared  to  the 
topography  ofthe  n  27.28  kg  m  ’  density  surface 
(Fig  1  1 ).  I  he  correspondence  ofthe  broad  features  is 
quite  remarkable,  especially  east  of  New  Zealand.  The 
strong  zonal  jet  llovv  ing  around  the  south  of  New  Zea¬ 
land  and  feeding  the  anticyclonic  gyre  is  apparent, 
though  the  oceanic  situation  south  of  New  Zealand  is 
apparently  considerably  complicated  by  the  shoaling 
ofthe  Campbell  Plateau.  The  correspondence  ofthe 
locations  of.  say  .  the  120 0.  WOO  and  800  m  contours 
in  the  model  and  in  nature  is  very  close.  There  is  a 
weak  ridge  of  about  800  m  depth  along  the  South 
American  coast.  (This  of  course  inspired  the  choice  of 


Ketter’si  1985)  maps  show  (rM  surfaces:  Reid's ( 19f> 5.  •971.  h>,xm 
arc  surfaces.  In  the  upper  kilometer  ofthe  ocean,  differences  between 
the  two  are  slight,  and  no  distinction  is  made  in  making  comparisons 
to  the  model 


More  than  that,  the  topography  of  the  a,  -  27.28 
kg  m  '  surface  is  indeed  very  flat  behind  (north  and 
east  of)  the  800  m  contour  in  Fig.  1 1 .  In  the  Tasman 
Sea  north  of  New  Zealand  the  modeled  positions  of 
the  1000  m.  1100  m  contours  are  about  right.  The 
topography  ofthe  surface  west  of  New  Zealand  is  fairly 
flat  and  its  depth,  judged  from  the  Scorpio  section  al 
43°S  (Stommel  et  al..  1973)  is  1200  ±  100  m.  rather 
less  than  the  /A  \z  =  1362  ±  122  m  produced  by  the 
calculation  to  be  described  in  section  4.  though  within 
the  error  bars. 

Reid  ( 1965)  also  shows  a  map  (his  Fig.  23)  of  the 
dynamic  topography  (acceleration  potential)  ofthe  n, 
=  27.28  surface,  relative  to  2000  dbar.  The  dy  namic 
height  contours  correspond  very  closely  to  those  of  Fig. 

1 1.  as  the  theory  requires. 

Topography  of  density  surfaces.  The  /A  field  may 
be  compared  to  the  topography  of  the  a,  =  26.81  kg 
m  'density  surface  (Reid's  (1965)  Fig.  17).  The  choice 
of  outcrop  latitude.  51°S.  is  roughly  borne  out  by  this 
map.  The  model  depths  are  considerably  shallower  in 
the  vicinity  ofthe  eastern  boundary  where  /A  is  forced 
to  zero,  while  in  nature  the  isopycnal  is  200-400  m 
deep  there.  This  shallow  bias  diminishes  towards  the 
west. 

The  model's  500  m  contour  describes  a  complicated 
region  just  east  of  New  Zealand,  while  in  nature  the 
isopycnal  is  not  found  so  deep  in  this  region.  North  of 
35°S.  the  model's  500  m  contour  extends  eastward 
from  the  northern  tip  of  New  Zealand  almost  to 
I30‘  VV.  where  it  turns  north  and  returns  to  Australia 
between  20  and  I5°S.  This  accords  fairly  well  with 
the  position  ofthe  500  m  contour  in  nature,  where  it 
extends  even  farther  east,  to  120°W.  Inside  this  con¬ 
tour.  maximum  depths  of  7(H)  nt  are  found,  in  both 
model  and  nature,  in  the  Tasman  and  Coral  Seas. 

Layer  I  depth.  //,.  ought  to  be  compared  to  the 
topography  of  the  n.  -  26.23  kg  m  '  density  surface 
(Rcid's(  197.3)  Fig.  5).  The  outcrop  latitude.  39°S.  cho¬ 
sen  for  the  model  appears  about  right.  The  model 
depths  are  especially  too  shallow  in  the  vicinity  ofthe 
eastern  boundary,  where  they  are  forced  to  shoal  to 
zero,  w  hile  depths  of  order  100  nt  are  observed  for  this 
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isopycnal  along  the  South  American  coast.  Apart  from 
this,  the  model  isopleths  of  // ,  appear  too  shallow  b> 
about  Ml  nt  throughout  the  central  and  western  South 
Pacific. 

Keller  ( 1 985 )  shows  a  map  of  the  depth  of  the 
-  26.50  surface,  the  median  density  of  his  layer  R.  I  his 
density  surface  falls  in  the  range  of  our  layer  2.  26.25 
<  a,,  <  26.90.  Accordingly,  we  ha\e  constructed  a  map 
of-.//,  *  (1  u)//;.  where  o  -■  (26.90  -  26. 501/(26. 90 

26.25)  -  0.615.  to  model  the  depth  of  this  density 
surface,  which  is  shown  in  Fig.  12.  for  comparison  with 
Keller's  map.  Apart  from  the  eastern  boundary  where 
//  and  //;  arc  forced  to  zero,  agreement  is  quite  good. 
I  he  positions  of  the  trough  along  20CS.  and  of  the  400 
m.  500  m  contours,  accord  well. 

The  mean  depth  of  the  n.  26.44  density  surface 
m  the  tropical  band  is  shown  by  Tsuchiya  ( IMPS),  and 
may  be  compared  with  //,.  taken  in  the  model  to  be 
the  depth  of  the  n„  -  2 6 . 5 7 5  surface.  I  he  modeled  II, 
is  shallower  than  observed,  right  across  the  tropical 
band,  not  only  in  the  east  where  it  is  forced  to  zero, 
though  the  trend  from  shallower  to  deep  from  northeast 
to  southwest  is  reproduced.  The  depth  contours  of 
I'suchiya's  density  surface  are  rather  more  zonal  than 
those  of  Fig.  9. 

Acceleration  potential  Comparison  of  the  acceler¬ 
ation  potential  on  the  n,  -  26. SO  kg  m  '  surface,  with 
respect  to  1000  db.  which  Reid  (1965)  shows,  with 
is  rather  problematical.  The  reference  pressure. 


of  1000  dbar.  for  this  isopycnal  is  rather  shallow  for  a 
fair  comparison  with  p:/pp.  and  acceleration  potential 
on  this  surface  might  better  be  compared  with  '.II 
-  (/>;  p-A/pp.  This  comparison  is  quite  good,  in  terms 
of  both  magnitude  and  pattern.  On  the  other  hand, 
comparing  the  acceleration  potential  of  the  n.  26.25 
kg  m  '  surface,  with  respect  to  1000  db  (Reid.  I9?5). 
with  modeled  (/>,  p-A/pp.  the  magnitude  of  the  mod¬ 
eled  llow  is  at  least  twice  as  large  as  observed  in  nature, 
although  a  similar  anticyclonic  circulation  pattern  is 
seen. 

hiking  the  three  density  surfaces  together,  a  clear 
equatorward  shift  of  the  subtropical  gyre  with  decreas¬ 
ing  depth  and  densit*  is  seen  in  both  the  observations 
(as  Reid  1 19X1 )  remarks)  and  the  mode!  (Figs.  6-10). 

In  the  western  Pacific,  between  15“  and  54  X.  where 
II:  is  greater  than  500  m.  it  may  be  useful  to  compare 
/>'  with  the  liean  dynamic  topography  of  the  500  dbar 
surface  relative  to  1000  dbar.  shown  in  Fig.  1  5.  taken 
from  \\  yrtki  ( 1 9  T  4 1 .  The  pattern  is  generally  very  sim¬ 
ilar.  though  the  strength  of  the  cell  in  Fig.  X  is  about 
twice  that  of  Fig.  15.  Perhaps  the  choice  of  the  500 
dbar  surface  is  loo  deep  for  a  fair  comparison  with  Fig. 
X.  and  a  shallower  surface  corresponding  more  nearly 
to  the  center  of  the  layer  would  show  a  stronger  cir¬ 
culation. 

Comparing  Tsuchiya's  (1968)  map  of  acceleration 
potential  of  the  a,  26.02  kg  m  '  surface  relative  to 
500  db  to  Fig.  10  in  the  tropical  band,  and  disregarding 
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the  too  large  gradients  in  the  model  in  the  east  (because 
of  the  unrealistic  shoaling  of//,  that  is  required),  the 
eastward  How  with  a  10- 1 5  dyn  cm  pressure  drop  across 
it  is  reproduced  quite  well  by  the  model. 

On  the  other  hand,  comparing  Fig.  10  to  Wyrtki’s 
( 1075)  sea  surface  dynamic  topography  relative  to  1000 
db  (Fig.  14),  neither  the  strength  nor  the  position  of 
the  shallow  gyre  is  well  reproduced.  The  strong  ridge 
running  from  northwest  near  New  Britain  towards  the 
southeast  (Fig  14)  is  apparently  associated  with  the 
South  Pacific  Convergence  Zone  in  the  atmosphere  (see 
Fig.  1.2  of  Ciill.  1082).  As  this  suggests  that  the  ridge 


is  a  feature  determined  partly  by  advection  of  warm 
surface  water  out  of  the  western  equatorial  zone,  it  is 
not  surprising  that  a  feature  with  such  an  origin  is  badly 
represented  in  this  model.  Layer  I  must  represent  all 
the  water  lighter  than  a,  =  26.25  kg  m  '.  This  density 
is  found  quite  deep  in  the  tropical  thermodine.  with 
water  lighter  by  as  much  as  2  kg  m  '  occurring  at  the 
surface.  Significant  geostrophic  shear,  which  the  model 
cannot  represent,  may  occur  over  such  a  density  range. 
So  some  allowance  must  be  made  in  making  these 
comparisons  of  the  model  to  observations  of  nature, 
especially  in  the  Tropics.  Even  so.  as  we  shall  argue  in 
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[  k  ,  |2.  Depth  (meters)  of  u.  26.50  kg  in  given  by  On  1 5//  •  Ills  ‘•II  (I  ketlei  ■  I  i 

section  6.  the  poor  agreement  in  the  Tropics  mat  he  2(>°S  for  a.  26. SI  kg  m  '  and  15°S  for  n,  26.2s 

due  to  a  fundamental  shortcoming  in  the  potential  kg  m  The  Tasman  and  Coral  Seas  contain  the  highest 

vorticity  conservation  model.  salinities  on  the  respective  surfaces,  confirming  the 

Salinuv  and  oxygen  Reid  (1965.  1975.  1986)  also  picture  that  this  region  is  the  stagnation  /one  of  the 

shows  the  concentrations  of  salinity  and  oxygen  on  the  circulation.  The  oxygen  concentrations  on  these  density 

three  density  surfaces  named  above.  The  sources  of  surfaces  seem  less  remarkable  than  the  salinities,  except 

low  salinity  are  generally  in  the  high  latitudes,  high  that  in  the  busman  Sea  on  the  n.  27.2Skgm  ’surface 

salinity  in  the  Tropics.  Regarding  salinity  as  a  tracer,  a  minimum  in  oxygen  is  found,  rather  confirming  the 

all  three  surfaces  show  broad  tongues  of  low  salinity  hypothesis  advanced  in  the  model  tnat  flow  is  stagnant 

sweeping  north  in  the  eastern  South  Pacific  with  a  nar-  in  this  region  at  these  depths, 

rower  filament  extending  westwards  in  the  tropics  as 

far  as  the  Coral  Sea.  Like  the  equatorward  limb  of  the  4  j.  |OH  around  New  Zealand 
subtropical  gyre,  these  zonal  low-salinity  filaments  lie 

progressively  farther  northward  with  decreasing  den-  In  this  section  we  compute  the  value  of  the  transport 
sity:  along  about  20°-25°S  for  <r,  =  27.28  kg  m  ’.I  5°-  streamfunction  at  New  Zealand  from  the  wind  stress 


F  ig.  13.  Mean  annual  dynamic  topography  (dyn  cm)  of  500  db  surface  relative  to  IIHX)  dh  (Wyrtki.  I’*74i 
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field  and  use  that  to  determine  the  total  flow  in  the 
boundary  current  on  the  eastern  side  of  the  islands. 
Flows  in  western  boundary  currents  along  islands  are 
determined,  not  by  the  requirement  of  balancing  the 
interior  Sverdrup  transport,  but  by  the  necessity  of 
achieving  the  same  pressure  at  the  northern  end  of  the 
island  as  at  the  southern,  so  that  no  pressure  gradient 
(which  would  drive  a  normal  geostrophic  flow)  occurs 
on  the  far  side  of  the  island.  Similar  considerations 
applied  layer  by  layer  determine  // ,  and  //-  on  the  far 
side  of  the  island.  The  values  of  //»  and  H:  on  the 
western  side  of  New  Zealand  are  necessary  to  determine 
the  layered  Sverdrup  flow  in  the  Tasman  Sea  in  the 
latitude  range  of  the  islands.  This  fills  a  gap  left  in  the 
theory  presented  in  section  2. 

We  also  compute  estimated  errors  for  the  transport 
(and  //,.  //:)  from  the  standard  errors  quoted  for  the 
wind  held. 

a  The  transport  sireamtunction  at  Sen  Zealand 

Consideration  of  the  flow  around  an  isolated  island 
like  New  Zealand,  shows  that  the  constant  value  of  the 
transport  streamline  that  surrounds  the  island  must  be 

*n/  =  (/s-  Is)  'p  'jr-di.  (4.1) 

where  the  closed  line  integral  is  along  a  counterclock¬ 
wise  path  enclosing  New  Zealand  and  the  Pacific  Ocean 
to  the  east  of  it  up  to  the  South  American  continent 


(Fig.  15):/s.7s  are  the  Coriolis  parameters  appropriate 
to  the  southern  and  northern  ends  of  the  islands.  I  his 
result  is  due  to  Godfrey  (1487).  and  comes  about  from 
a  consideration  of  the  integral  of  the  vertically  inte¬ 
grated  momentum  balance  around  the  circuit  de¬ 
scribed.  along  which  no  lateral  or  bottom  friction  acts 
Computation  of  this  value  shows  that  'its/  24  Si 
This  value  must  be  used  to  restart  the  Sverdrup  com¬ 
putation  west  of  New  Zealand. 

h  Error  estimation  tor  >ks/ 

Inspection  of  Hellerman  and  Rosenstein's  (1483) 
maps  of  the  monthly  standard  error  of  zonal  w  ind  stress 
gives  a  figure  of  order  0.25  dyn  cm  in  the  midlatitude 
South  Pacific. 

Multiplying  this  by  16  ■  10'  km.  the  length  of  the 
circuit  in  the  line  integral  of  (4.1 1.  and  dividing  by  ts 

Is  gives  I  2  Sv .  Dividing  by  ( I  2)1  ;  to  obtain  the  an¬ 
nual  standard  error  of  (4,1)  gives  3.5  Sv .  This  error 
should  be  used  to  interpret  the  estimate  of  'its/  given 
above  The  error  for  vTn/  is  smaller  than  those  for  point 
estimates  of,  vk,  because  the  former  is  based  on  line 
integrals  of  wind  stress,  while  the  latter  are  integrals  of 
wind  stress  curl,  and  hence  more  prone  to  error. 

i  Transport  constraints  on  lli  and  //• 

If  we  assume  that  longshore  flow  in  western  bound¬ 
ary  layers  is  geostrophic.  then./  1 P.  defined  by  the  first 
relation  in  (2.2),  describes  the  geostrophic  transport  in 
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Fig.  15.  Schematic  integration  path  around  New  Zealand  for  ♦n?  (solid).  Similarly  for  (dashed). 


the  boundary  current  [though  the  second  equality  of 
(2.2)  fails].  Applying  this  in  (2.6)  at  the  southern  tip  of 
New  Zealand,  where  only  layers  2  and  3  exist  and  are 
in  motion,  we  obtain 


-(Yi// 5,nz  +  Y://2.nz  —  7.i//.i(f)  _./s(^nz  +  TV.k.s)- 

(4.2) 


where  Tf  kS  =  7Vk(.vNz.  t's)  =  +8.8  Sv.  Error  analysis 
applied  to  (2.5)  gives  a  standard  error  less  than  1  Sv. 
Here  //,  NZ.  //;.sz  are  the  constant  depths  of  the  bot¬ 
toms  of  layers  3  and  2  along  the  western  side  of  New 
Zealand.  Along  the  eastern  side,  IT.  //;  may  vary'  be¬ 
cause  the  normal-to-shore  momentum  balance  in  the 
boundary  current  is  not  geostrophic.  but  they  must 
return  to  the  values  //,  N/.  IT  sz  at  the  northern  and 
southern  tips.  Substitution  of  numerical  values  in  (4.2) 
gives 


//-; 


\z 


Us 


:  nz 


( 1446  ±  130  m)-  ( 1093  ±  100  m)- 


7=  1.  (4.3) 


The  standard  errors  indicated  in  the  denominators  are 
based  on  an  assumed  error  of  5  Sv  in  ^sz  +  7Vk.s.  (A 
reduced  I'I'nz  +  7|  k.s  leads  to  smaller  values  of  the 
denominators.) 


d  The  transport  of  layer  J 


Another  constraint  is  required  to  determine  the  dis¬ 
tribution  of  the  geostrophic  transport  in  the  boundary 
current  between  layers  2  and  3.  This  appears  to  be  that 
the  transport  between  New  Zealand  and  South  America 
in  layer  3  be  independent  of  latitude,  in  particular,  that 
it  be  the  same  at  the  southern  and  northern  ends  of 
New  Zealand.  The  layer  3  transport  is 


<//,-//:)/ 


y  frilly Jd.\)d.\. 


(4.4) 


M  the  southern  tip  of  New  Zealand.  .1  =  rs.  this  is 
made  up  of  contributions  from  the  western  boundary 
current  and  from  the  interior.  For  the  latter  //,  =  IT* 
lust  outside  the  boundary  current,  and  from  there  to 


South  America  f/(Hy  -  H2)  -  .fi/Hy  (see  Table  1),  so 
that  the  contribution  to  (4.4)  from  the  interior  is 

J./2~'yj(//3o2-//3w2). 


The  contribution  from  the  western  boundary  current 
is 


,/s  'tj 


±<//,w2-// ?.nz)-  f  IhdH, 
-  JWBC 


The  Mean  Value  Theorem  states  that  the  second  term 
is  given  by  /?;(//, *■  -  Hy\z).  where  //2WS  <  fi2  <  Il2  \ / 
(and  IT*s  =  ( 1  If//;  were  a  linear  func¬ 

tion  of  IT.  as  could  be  the  case  if.  for  example,  both 
variables  had  an  exponential  structure  in  the  boundan. 
current  with  the  same  relaxation  scale,  then  //; 
=  ;I(//;ws  +  IT.sz)-  We  shall  adopt  this  assumption. 
In  total. 


7\(. Is)  -  7 .Is  'y^Z/jw  +  Hy sz  ~  //;ws  —  //;.n z] 

y  (//u\  _  IT.sz)  +  l'Ya[//3<)-  —  //jw'J-  (4.5) 

At  r  =  rN.  the  northern  end  of  New  Zealand,  the  sit¬ 
uation  is  a  little  different.  The  interior  contribution 
splits  into  two  parts:  one  comes  from  the  shadow  zone, 
where  //(//<  -  //;)  =/;//7iw  •  and  IT  ranges  from  lT*s. 
just  outside  the  western  boundary  current,  to  IT*  at 
the  edge  of  the  shadow  zone,  so  that  the  value  is 

I;  S  <//’-w(//.iw  -//-,y,\): 


the  other  is  from  the  ventilated  region,  where  //(//, 
-  //;)  =  (;/// i.  and  IT  ranges  from  IT*  to  IT,,,  so 
that  its  value- is 


7:  '  -.( // v.\~  IT*'). 

the  same  as  (lie  interior  contribution  at  y  -  is.  1  he 
western  boundary  current  contribution  is  similar  in 
form  to  that  calculated  at  rs.  The  total  layer  3  transport 
is  therefore 
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r,(yN)  -  -  ,/n  '7i[//jwn  +  W.1.NZ.  —  W’WN  —  W’.Nz] 

X  (7/jwn  —  Z/j.nz)  +  ~Y  }H  iv.(H  iv,  ~  7/jwn) 

+  -2Jz  Yj(//j,f-//,w2).  (4.6) 

where  /6Wn  =  Wjws  ~  fufi  'Hiw  is  the  value  of  //: 
just  outside  the  western  boundary  current  at  v  =  rN. 
Setting  r,(ys)  =  7'i(yN).  and  manipulating,  we  obtain 
eventually 

(//.j.nz  —  ~  /N.nz)  +  C  =  0,  (4.7) 

where 

rj  =  (-/.v  1  +./s  ')  '(-./n  ’//wn+./s  7/3w), 

C  =(~/n  1  +./s  ')  './’  7/jw(//jw  —  7/jwn). 

The  numerical  values  for  //U\  and  7/1Un  are,  respec¬ 
tively.  958  and  1316  m.  as  computed  from  the  theory 
of  section  2.  This  gives  r\  =  2119  m.  and  6’ 
-  +(871  mb’. 

The  solution  of  Eqs.  (4.2)  and  (4.7)  gives  //Vnz- 
//;  nz-  This  is  shown  graphically  on  Fig.  16.  as  the  in¬ 
tersection  point  of  an  ellipse  given  by  (4.2)  and  a  hy¬ 
perbola  given  by  (4.7).  The  solution  is 

//,  nz  =  1 362  ±  1 22  m.  //2  NZ  =  362  ±  33  m. 

The  standard  errors  given  for  these  estimates  are  those 
due  to  the  errors  in  the  coefficients  of  (4.3).  The  trans¬ 
port  of  layer  3  between  New  Zealand  and  South  Amer¬ 
ica  is  then 

7', (  is)  =  7\(.vn)  =  14  ±  4  Sv.  (4.8) 

Of  this.  74T  is  carried  by  the  western  boundary  current 
as  it  swings  around  the  southern  tip  of  New  Zealand; 
the  remaining  26f7  by  the  interior.  At  the  northern 
end.  only  I0ri  is  carried  by  the  boundary  current,  the 
remaining  64‘v  hav  ing  been  shed  to  the  interior  in  the 
shadow  zone.  This  is  shown  in  the  schematic  Fig.  1 7a. 


Fl(>.  16.  The  Sverdrup  transport  constraint  (4.2).  and  the  conti null > 
of  layer  3  transport  (4.7).  The  intersection  of  the  lines  gives  //,  N/. 
ff2.1v/  • 


which  represents  a  section  between  New  Zealand  and 
South  America  along  y  =  >*s.  This  section  should  be 
thought  of  as  being  along  a  latitude  slightly  south  of 
New  Zealand  through  the  interior,  until  the  island  is 
reached,  where  it  hooks  north  to  cross  the  incoming 
current  from  the  west.  At  this  section  the  interior 
transport  in  the  lighter  layer,  9.5  Sv  northwards,  is  al¬ 
most  entirely  Ekman  transport  (8.8  Sv).  A  similar  sec¬ 
tion  at  a  slightly  more  equatorward  latitude  will  show 
the  depths  Hi,  Hi  outside  the  boundary  current  con¬ 
siderably  depressed  as  the  stream  sheds  transport  into 
the  interior. 

With  these  values  for  77,  NZ,  H2  NZ  we  can  restart  the 
integration  west  of  New  Zealand  along  the  lines  of  the 
theory  presented  in  section  2.  A  few  remarks  are  first 
called  for.  There  will  be  abrupt  jumps  between  //,  NZ. 
Hi  s/  and  the  values  of  //3.  Hi  given  by  the  theory  of 
section  2  at  points  just  north  and  south  of  New  Zealand. 
This  suggests  intense  zonal  jets  emerging  from,  or  im¬ 
pinging  on,  as  required,  the  tips  of  New  Zealand.  Pre¬ 
sumably.  an  account  of  the  dynamics  of  these  interior 
jets  can  be  given,  perhaps  along  the  lines  of  the  theory 
presented  by  Pedlosky  (1968)  for  frictional  boundary 
layers  along  a  zonal  boundary  .  We  shall  not  attempt 
here  to  construct  such  a  theory,  a  product  of  which 
would  be  a  specification  of  the  communication  between 
the  Tasman  Sea  and  regions  north  and  south  of  New 
Zealand,  hence  determining  rigorous  inflow  and  out¬ 
flow  conditions.  Rather,  we  shall  content  ourselves  with 
specifying  ad  hoc  that  layer  3  be  stagnant  in  the  Tasman 
Sea  west  of  New  Zealand,  i.e.. 

Hi  =  //j.nz  =  1 362  m,  (4.9) 

and  accept  the  resultant  abrupt  jumps  in  //,  at  latitudes 
)s.  is  as  eastward  and  westward  jets,  respectively,  con¬ 
nected  to  and  feeding  or  emerging  from  the  boundary 
current  on  the  eastern  side  of  New  Zealand.  This  is 
w  hat  was  done  in  section  3  to  obtain  the  solutions  dis¬ 
played  in  Figs.  6,  8.  Against  this  hypothesis,  we  should 
note  the  tendency  in  Reid’s ( 1985 (dynamic  topography 
maps  for  flow  along  the  south  of  Australia  and  New 
Zealand  to  loop  up  into  the  T  asman  Sea. 

The  topography  of  the  a,  =  27.28  surface  in  the 
southern  Tasman  Sea  is  observed  to  be  fairly  flat,  per¬ 
haps  1200  ±  100  m.  judged  from  the  43°S  Scorpio 
section  (Stommel  et  al..  1973).  This  puts  it  in  the  range 
of  the  estimate  of  //3  NZ  given  above.  The  <r,  =  26.90 
surface  is  found  at  about  400  to  500  m  around  western 
New  Zealand,  in  fairly  good  accord  with  the  estimate 
of  His/  ■  The  somewhat  larger  estimate  than  observed 
of  //i  nz  dots  suggest  that  ^nz  may  be  loo  high  by  an 
amount  of  order  5  Sv,  perhaps  due  to  errors  in  the 
wind  field.  However,  rather  than  tamper  with  Heller- 
man  and  Rosenstein's  (1983)  winds,  we  shall  persist 
with  them,  while  examining  critically  their  implications 
for  the  ocean  circulation. 

The  geostrophic  transport  west  of  New  Zealand  is 
given  by 
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Fig.  17.  Schematic  sections  across  the  South  Pacific  showing  layer  depths  and  transports  (in  Sv.  positive  northwards)  of  each  later, 
in  the  interior  and  in  the  boundary  currents,  (al  Front  Chile  along  50°S.  looping  north  at  New  Zealand:  then  along  46°S.  looping  north 
to  Tasmania,  (h)  From  Chile  along  32  JS.  looping  north  to  New  Zealand:  then  along  34°S  to  Australia,  (c)  From  Chile  to  Australia  along 
32°S.  (d)  From  Chile  to  Australia  along  2S°S. 


\  f  '(7 ;//;:  +  = :;./  '(TO^V  +  7:^:.\z)- 


/),-’  = /)„:(.v.f)-/V’(.vN/.v). 

The  same  theory  applies  as  in  section  2.  except  that 
the  role  played  formerly  by  layer  3  is  here  taken  by 
layer  2,  and  that  of  layer  2  by  layer  I.  The  boundary 
v  alues  of  //;  and  // ,  on  the  west  coast  of  New  Zealand 


H'.  si  ~  362  m.  //,  n/  =  0. 


5.  The  East  Australian  Current 

Considerations  parallel  to  those  given  in  section  4 
would  determine  the  transport  stream  function  at  Aus¬ 
tralia-New  Guinea,  were  the  flow  through  the  In¬ 
donesian  passages  unhindered  by  friction.  In  any  event, 
such  an  estimate  ought  to  give  an  upper  bound  on  the 
Pacitic-lndian  flow  through  the  archipelago.  Given  the 
Indonesian  throughflow.  the  transport  of  the  East  Aus¬ 
tralian  Current  can  be  calculated.  The  distribution  of 
this  boundary  current  transport  among  the  layers,  in 
particular  in  the  third  layer,  is  discussed. 


T  he  results  of  integrating  this  model  in  the  Tasman 
Sea  west  of  New  Zealand  have  already  been  shown  on 
f  igs.  6-10.  The  level  surface  formed  by  //,  =  1362  m 
and  the  variation  of  //;  given  by  (4.10).  with  //,  =  0. 
in  the  interior  of  the  Tasman  Sea  along  y  =  nas  is 
shown  schematically  in  Fig.  17a.  The  variation  of  the 
depth  II;  of  the  light  layer  might  be  compared  quali¬ 
tatively  with  the  Scorpio  section  at  43°S.  which  shows 
a  moderately  deep  ( —400  m).  warm,  near-surface  layer 
in  the  Tasman  Sea  shoaling  gradually  over  the  Chatham 
Rise,  and  then  quite  shallow  over  the  remainder  of  the 
eastern  Pacific. 


a.  The  transport  strcamtunetion  at  Australia 

A  calculation  similar  to  that  in  section  4.  for  Aus¬ 
tralia-New  Guinea,  regarded  as  an  isolated,  if  large, 
island,  shows  .hat 

*.Vu,  =  (/las-/NG>  1  fp  'r-t/l- f/s sW'N/  . 

(5.1) 

where  the  line  integral  is  taken  along  the  path  show  n 
in  Fig.  15.  Computation  yields 
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♦aus  =  -17  Sv, 

which  means  that  there  must  be  an  outflow  of  this 
magnitude  from  the  Pacific  to  the  Indian  Oceans 
through  the  Indonesian  passages  (Godfrey,  1987).  This 
figure,  apart  from  any  errors  in  the  wind  field  used  in 
the  calculation,  must  be  regarded  as  an  upper  bound 
on  the  magnitude  of  the  outflow,  for  it  depends  on 
neglecting  friction  in  the  passages,  which  are  quite  nar¬ 
row  and  convoluted.  Friction  in  the  passages  would 
surely  act  to  reduce  this  flow.  (If  the  Indonesian  pas¬ 
sages  were  closed  entirely,  then  plainly  we  would  re¬ 
quire  that  ^Aus  =  0.) 

An  error  analysis  applied  to  (5. 1 )  gives  an  estimate 
of  the  standard  error  of  'l'Aus  of  similar  magnitude  to 
the  error  of  'Pnz.  namely,  about  4  Sv.  This  error  is 
solely  that  due  to  errors  in  wind  stress,  not  systematic 
errors  like  the  neglect  of  friction  in  the  Indonesian  pas¬ 
sages. 

/).  Transport  constraints  on  //t  Aus  and  H:  Aus 

The  total  geostrophic  transport  in  layers  2  and  3 
across  the  latitude  _rTas  is 

+  >;// 5. am “  7 yll\.s z  ~y:H l.\z) 

=  /tJ*am-'1'n/+  7h.  ia,>.  (5-2) 

where  7j*-Ias  =  +0.8  Sv  is  the  Ekman  transport  between 
Tasmania  and  New  Zealand.  Take  'its/  =  -29  Sv.  and 
Hy.sz-  77;  nz  as  determined  in  the  section  4.  Then,  for 
the  stated  values  of  'FAu,.  we  get  the  corresponding 
constraints  on  7/Vau s,  //;  Aus: 


former  appears  more  in  accord  with  observed  depths 
of  the  a ,  =  27.28  surface  at  the  Australian  coast. 

It  may  seem  remarkable  that  considerations  on  the 
observed  depths  of  isopycnals  can  suggest  the  Indone¬ 
sian  passage  outflow.  Yet  this  is  merely  a  consequence 
ofgeostrophy.  If  (4.2)  and  (5.2)  are  added,  one  obtains, 
approximately, 

^(73//j.Aus+  Y:7/iAus-  y\lf\o:) 

=  ./s('kAus+  7'u.s+  7'n  i (5.4) 

because /yas  ~./s-  For  'l'All,  =  0.  and  zero  Fkman  trans¬ 
port.  this  constraint  could  be  satisfied,  for  example,  by 
//,.  IT  returning  to  their  South  American  xalues  at 
the  Australian  coast.  It  is  the  large  Fkman  transport. 
9.6  Sv,  which  must  he  returned  by  a  geostrophic  flow, 
that  requires  the  extreme  shoaling  o  17/, ,  //.  at  the  Fast 
Australian  coast  if  'kAus  -  0  is  to  be  maintained. 

It  might  be  objected  that  an  additional  southward 
zonally  averaged  barotropic  flow. 

i'4(  i's)  =  /  1  f  i'4(  v.  \\)d.\  <  0, 

JAus 

w  here  L  is  the  width  of  the  South  Pacific  along  latitude 
i's.  could  redress  the  mass  balance  by  adding  (algebra¬ 
ically)  the  term  -/sZ./)i\,(  )'s)  to  the  left  of (5.2).  without 
requiring  unrealistic  shoaling  of  ll\.  However,  evidence 
from  the  deep  distributions  of  w  ater  properties  suggests, 
if  anything,  that  the  reverse  is  the  case,  namely,  north¬ 
ward  flow  of  the  water  masses,  including  the  Circum¬ 
polar  Deep  Water,  and  the  Antarctic  Bottom  Water 
that  are  subsumed  in  our  layer  4  (Warren.  1973). 


^Aus  =  -17  Sv  (Indonesian  passages  unrestricted): 

(5.3a) 


77  l. Aus  _  77;  Aus  _  I 


(1120  m):  (847  m): 

'I' Aus  =  0  (Indonesian  passages  closed): 

77). aus  +  —  7/yAus  -  0; 
7,i 

'P Aus  =  - 10  Sv  (intermediate  situation): 


(5.3b) 


<  Layer  J  transport 

We  now  compute  the  transport  in  layer  3  in  the 
Tasman  Sea  between  Australia  and  New  Zealand  at  i 
=  rr.,s.  Because  the  topography  of  IT  is  flat  across  the 
interior  of  the  Tasman  by  assumption,  the  only  con¬ 
tribution  comes  from  the  boundary  current.  Calculated 
by  the  methods  given  above,  this  is 

7  l(.t'las)  =  a  7  Tas7l[77l  SZ  +  //.VAus 


77  1.  AUS  ^  7/ 2. Aus 

(870  mb'  (658  m): 


=  1. 


(5.3c) 


Errors  in  the  coefficients  similar  to  those  quoted  for 
Eq.  (4.3)  ought  to  be  anticipated. 

The  closing  of  the  Indonesian  passages  requires  //,N/ 
~  l/i.sz  ^  0;  that  is,  the  necessary  southward  return 
in  the  Tasman  Sea  of  the  northward  29  Sv  in  the  South 
Pacific  between  New  Zealand  and  South  America,  re¬ 
quires  the  isopycnals  modeled  by  the  //,,  //;  interfaces 
practically  to  surface  at  the  east  Australian  coast.  This 
simply  is  not  the  case  observed  in  nature. 

The  other  two  cited  possibilities  give  maximum  al¬ 
lowable  depths  for  H3  Aus  of  1120  and  870  m.  The 


7/’. Am  77;  Am](//l.NZ  It}, Aus).  (5.5) 

where  /A  Aus  =  7/;(.vAus.  i  Ias)  =  607  m.  from  the  so¬ 
lution  of  (4.10)  in  the  Tasman  Sea  with  II,  =  0  It 
might  be  argued  that,  because  the  Indonesian  passages 
likely  do  ni*t  admit  much  or  any  water  as  dense  as 
layer  3.  a  consistent  requirement  on  layer  3  is  that  it 
return  the  volume  transport  in  that  layer  east  of  New 
Zealand,  i.e..  7\(_r-|M)  -  -  7  j(.t's)  =  14  Sv.  This  con¬ 

straint  turns  out  to  be  ludicrous  w  hen  combined  w  ith 
(5.2).  for  any  choice  of  'EAus:  no  positive  mathematical 
solution  is  possible!  The  layer  3  interface  must  bank 
impossibly  steeply  to  return  14  Sv  in  the  East  Australian 
Current. 
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On  the  other  hand,  we  can  select  plausible  values  of 
//,  Vus  =  1 100  m.  /A  Aus  =  400  m.  by  inspection  of  the 
intersection  of  the  <r0  =  27.30.  26.90  density  surfaces 
with  the  east  Australian  continental  slope  in  the  43°S 
Scorpio  section,  for  example  (Stommel  et  al..  1973). 
These  values,  while  not  precisely  satisfying  (5.3a).  fulfil 
it  well  enough  (to  within  20%).  considering  the  large 
errors  inherent  in  computing  the  coefficients  of  (5.3a). 
Inserting  these  values  in  (5.5).  together  with  /An/ 
=  1 362  m.  we  obtain 

A'O'l  as)  =  -  5  Sv. 

This  estimate  is  very  sensitive  to  the  difference  (//i  n/ 
-  which  is  262  m  for  the  values  cited,  though 

with  an  expected  error  close  to  100%!  Nevertheless, 
this  suggests,  in  terms  of  the  model,  in  which  no  cross- 
isopycnal  flux  is  envisaged,  that  a  net  transport  of  9  Sv 
of  layer  3  water  must  escape  through  the  open  northern 
boundary  of  the  model  near  the  equator.  The  natural 
ocean  does  permit  cross-isopycnal  flux,  of  course.  In 
fact,  a  flux  of  about  3  m  yr  1  distributed  uniformly 
over  the  area  of  the  Pacific  Ocean  north  of  rs  is  required 
to  balance  a  transport  of  10  Sv.  Such  a  magnitude  is 
consonant  with  traditional  estimates  of  vertical  flux 
(Munk.  1966).  [The  condition  on  the  continuity  of 
layer  3  transport.  Fqs.  (4.4).  (4.8).  over  the  latitude 
range  occupied  by  New  Zealand,  deserves  to  be  reex¬ 
amined  in  the  light  of  such  a  putative  cross-isopycnal 
flux.  The  area  of  the  South  Pacific  between  New  Zea¬ 
land  and  South  America  is  about  8000  km  •  2000  km. 
Multiplying  by  3  m  yr  1  gives  about  16  S\.  not  an 
insubstantial  figure,  but  probably  negligible  compared 
to  errors  in  the  transport  estimate  (4.8).] 

Finally,  it  is  important  to  note  that  the  discussion 
of  this  section  is  fairly  robust  in  terms  of  modeling 
assumptions:  the  remarks  made  do  not  depend  sensi¬ 
tively  on  the  details  of  the  model,  but  follow  fairly  di¬ 
rectly  from  assumptions  of  geostrophy  and  the  Sver¬ 
drup  balance,  applies!  to  a  zonal  section  passing  the 
southern  end  of  New  Zealand. 

6.  Discussion 

I  he  simple  baroclinic  circulation  theory  of  I  PS. 
which  distributes  the  wind-driven  Sverdrup  transport 
among  a  number  of  layers  in  a  way  consistent  with 
conservation  of  potential  vorticity.  was  applied  to  the 
South  Pacific  Ocean.  The  governing  idea  behind  this 
model  is  that  columns  of  water  in  a  particular  layer 
are  imprinted  with  then  potential  vorticity  by  the  wind 
stress  curl  in  latitudes  where  they  are  in  direct  contact 
with  the  frictional  surface  layers,  and  that  subsequently, 
as  they  flow  equatorward  beneath  lighter  water  in  an- 
t  icy  clonic  gyres,  thev  preserve  whatever  potential  vor¬ 
ticity  they  had  acquired  This  idea  has  to  be  modified 
and  augmented  when  it  is  discovered  that  there  are 
verlain  regions  in  submerged  layers  that  cannot  he 
reached  from  high  latitudes  by  paths  that  proceed  di¬ 


rectly  through  the  geostrophic  interior,  hut  are  instead 
linked  to  the  forcing  by  paths  passing  through  the  west¬ 
ern  boundary  currents.  In  the  absence  of  a  more  de¬ 
tailed  theory  of  how  potential  vorticity  in  such  a  region, 
called  the  “western  shadow'  zone",  is  determined  as 
flow  leaves  the  western  boundary  current.  I  adopted, 
following  LPS  and  Talley  (1985).  the  hypothesis  that 
potential  vorticity  is  homogeneous  throughout  it.  This 
shadow  zone  is  enormous  in  the  South  Pacific,  almost 
filling  the  basin  (regions  W.  WW.  VW.  EW  in  Fig.  2). 
While  the  ad  hoc  nondeductive  nature  of  the  hy  pothesis 
must  be  stressed,  the  homogeneity  of  potential  vorticity 
in  layer  3  is  borne  out  by  comparison  with  Keffer's 
( 1985)  maps  in  the  corresponding  density  layer. 

The  circulation  produced  by  the  model  resembles 
quite  well  the  actual  circulation  observed  in  the  South 
Pacific,  as  judged  by  comparison  of  maps  of  modeled 
and  actual  isopycnal  depths  and  dynamic  topographies 
on  various  surfaces.  Agreement  is  remarkable  in  the 
deepest  modeled  layer,  which  contains  the  density  at 
the  core  of  the  Antarctic  Intermediate  Water,  but 
poorer  in  the  surface  layers,  especially  in  the  tropical 
band,  where  stronger  circulation  is  observed  than  the 
model  allows.  A  reason  for  this  deficiency  is  offered 
below 

There  is  a  boundary  current  on  the  eastern  side  of 
New  Zealand  constrained,  not  by  a  requirement  to 
balance  the  interior  Sverdrup  transport  between  New 
Zealand  and  South  America,  but  by  the  necessity  to 
achieve  the  same  pressure  in  al'  layers  at  the  northern 
end  of  the  islands  as  at  the  southern.  This  must  be  so 
because,  pressure  being  continuous  from  east  to  west 
around  the  northern  and  southern  tips,  it  is  not  possible 
by  any  means  to  sustain  a  pressure  gradient,  which  by 
geostrophy  would  require  a  normal  flow,  along  the 
eastern  boundary  of  an  ocean  basin.  This  constraint, 
together  with  a  requirement  of  continuity  of  net  mass 
transport  between  New  Zealand  and  South  America 
in  each  laser,  is  enough  to  determine  boundary  current 
transports  in  each  layer,  and  layer  depths  Cross-iso¬ 
pycnal  flux,  because  it  affects  the  layer-by-layer  mass 
balance  of  the  western  boundary  currents,  alters  the 
balances  by  w  hich  the  depths  of  the  layers  on  the  west¬ 
ern  side  of  New  Zealand,  for  example,  are  determined. 

I  considered  this  effect  crudely  in  order  of  magnitude 
in  section  4  and  concluded  that  its  likely  influence  on 
determining  the  layer  depths  around  New  Zealand  is 
negligible. 

In  principle,  similar  constraints  should  be  allowed 
to  determine  the  flow  around  Australia,  considered  as 
an  island  isolated  by  the  deep  passages  through  the 
Indonesian  archipelago  However.  I  have  used  the  con¬ 
straints  onlv  to  determine  the  depth-integrated  trans¬ 
port  in  the  Fast  Australian  Current  and  relied  instead 
on  empirically  observed  isopycnal  depths  at  south¬ 
eastern  Australia  to  determine  individual  layer  trans¬ 
ports  The  reason  for  this  approach  is  that,  unlike  New 
Zealand,  the  neglect  of  cross-isopycnal  flux  is  indefen¬ 
sible  around  Australia,  as  I  shall  make  clear  below 
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We  may  summarize  the  results  of  considering  the 
western  boundary  currents  in  a  series  of  cartoons  of 
vertical  sections  across  the  South  Pacific  at  v  arious  lat¬ 
itudes.  Figure  1 7a  shows  such  a  section  crossing  the 
model  ocean  at  50°S  between  South  America  and  New 
Zealand,  jogging  north  to  cross  the  zonal  jet  feeding 
the  western  boundary  current  at  New  Zealand,  thence 
crossing  the  Tasman  Sea  along  46°S.  and  jogging  north 
across  another  zonal  jet  to  reach  Tasmania.  The  dia¬ 
gram  shows  the  depths  that  the  layer  interfaces  achieve 
both  outside  and  inside  the  western  boundary  currents 
at  the  southern  ends  of  New  Zealand  and  Australia.  It 
also  shows  the  volume  transports  in  the  interior  of  the 
ocean  and  in  the  boundary  current  in  each  layer.  The 
interior  transports  of  layer  3  in  the  eastern  South  Pacific 
and  Tasman  Sea  are.  respectively.  3.5  Svand  zero.  The 
corresponding  estimates  for  layer  2  in  the  eastern  South 
Pacific  and  Tasman  Sea  are  9.5  and  5  Sv;  the  former 
is  composed  of  8.8  Sv  northward  Hkman  transport, 
and  only  0.7  Sv  geostrophic  transport.  These  estimates 
are  based  solely  on  considerations  of  w  ind  stress  forcing 
and  potential  vorticity  conservation  in  the  interior.  The 
boundary  current  transports  at  New  Zealand  are  10.5 
and  5.5  Sv  in  layers  3  and  2;  and  at  Australia.  -  5  Sv 
and  -12  Sv.  The  Australian  boundary  current  trans¬ 
ports  are  determined  by  the  selection  of  interface  depths 
at  the  Australian  continent  from  inspection  of  hydro- 
graphic  data  like  the  Scorpio  sections  (Stommel  et  al.. 
1973).  It  the  New  Zealand-South  America  section  were 
taken  only  slightly  further  north,  much  of  the  large 
boundary  current  transports  would  already  be  distrib¬ 
uted  to  the  interior.  This  may  he  why  the  intermediate 
level  isopycnals  of  the  Scorpio  section  at  43°S.  w  hich 
was  made  considerably  north  of  the  southern  end  of 
the  islands,  do  not  show  the  pronounced  boundary 
layer  character  of  the  base  of  layer  3.  The  model  section 
shows  the  light  water  of  layer  2.  moderately  deep (400- 
6(X)  m)  in  the  Tasman  Sea  and  just  to  the  east  of  New 
Zealand,  but  extremely  shallow  in  the  remainder  of 
the  eastern  Pacific  at  this  latitude.  A  similar  feature, 
marked  by  light,  warm  (>8°C).  salty  (>34.6  >  10  ') 
water  can  be  discerned  in  the  43°S  section  in  the  Tas¬ 
man  Sea.  and  east  of  New  Zealand,  though  it  extends 
much  farther  eastward,  to  perhaps  I65°W.  than  in  the 
model  section  at  50°S. 

T  he  net  transports  of  layers  3  and  2  in  the  South 
Pacific  are  9  and  8  Sv  (northwards).  Mass  continuity 
requires  that  the  net  transport  be  the  same  in  each 
layer  in  any  other  Australia-South  America  section. 

I  he  next  section  shown  is  at  the  latitude  of  the 
northern  end  of  New  Zealand  (Fig.  !  7b).  I(  crosses  the 
eastern  Pacific  along  32’S.  jogs  slightly  south  to  reach 
New  Zealand,  and  crosses  the  I asman  Sea  along  34°S 
\  lighter  layer  of  water  (layer  1 )  has  joined  the  vertical 
stack  of  layers.  Fach  of  layers  2  and  3  preserves  (he  net 
volume  transport  it  acquired  at  the  southern  section. 

I  he  net  transport  of  layer  l  must  be  zero  in  each  of 
the  two  sub-basins  because  it  cannot  be  supplied  from 
further  south.  Layer  2  in  the  Tasman  Sea  is  in  a  stag¬ 


nant  shadow  zone  formed  to  the  west  of  New  Zealand. 
The  interior  transport  of  layer  1  in  the  eastern  Pacific 
is  8.3  Sv,  composed  of  3.0  Sv  Ekman  transport,  and 
6.3  Sv  geostrophic  transport.  Note  the  reversal  of  the 
boundary  current  in  all  layers  but  the  third,  in  which 
it  is  still  weakly  northward,  at  the  northern  end  of  New 
Zealand. 

For  contrast  we  show  in  Fig.  I  7c  a  slightly  different 
section,  crossing  the  entire  Pacific  along  32°S.  passing 
the  north  tip  of  New  Zealand  without  crossing  the 
boundary  current,  and  passing  north  of  the  zonal  jet 
in  the  Tasman  Sea  that  supplies  the  New  Zealand 
boundary  current.  The  eastern  part  of  the  section  is 
identical  with  the  corresponding  part  of  Fig.  1 7b.  Con¬ 
trasting  Figs.  1 7b.  c  shows  the  shallow  layer  transports 
in  the  boundary  currents  shifting  from  Australia  to  New 
Zealand. 

f  inally,  we  show  a  section  north  of  New  Zealand 
along  28°S  (Fig.  !7d).  The  southward  transport  in  the 
deeper  layers  in  the  boundary  current  is  weakened, 
most  markedly  in  layer  3. 

Many  of  the  oceanographic  features  that  have  been 
remarked  on  in  the  investigations  that  have  been  done 
around  New  Zealand  (see  Heath,  1985.  for  a  review) 
are  apparent  in  the  model.  The  turning  of  10-15  Sv  of 
the  southward  flow  from  the  East  Australian  Current, 
to  proceed  along  the  Tasman  Front  to  the  northern  tip 
of  New  Zealand  (Stanton.  1981).  and  perhaps  connect 
with  the  East  Auckland  or  East  Cape  Current  on  the 
eastern  New  Zealand  coast  can  be  seen  in  the  obser¬ 
vations.  A  jet  of  this  magnitude  connecting  the  bound¬ 
ary  current  at  Australia  to  the  northern  tip  of  New 
Zealand  in  the  zonal  band  32°-34°S  is  clearly  repro¬ 
duced  in  the  model  (Figs.  5.  1 7b.  c).  Similarly,  an  east¬ 
ward  jet  can  be  discerned  in  the  observations,  pene¬ 
trating  to  at  least  intermediate  depths,  and  lying  west 
of  the  southern  cape  of  New  Zealand.  This  jet  turns 
around  the  islands  in  a  complicated  way.  presumably 
because  of  the  complexity  of  the  topography  of  the 
Campbell  Plateau  and  Chatham  Rise,  becomes  asso¬ 
ciated  with  the  Southland  Current,  and  feeds  the  an- 
tieyclonic  gyre  east  of  New  Zealand.  Bottom  topog¬ 
raphy  is  lacking  in  the  model,  so  the  observed  com¬ 
plexity  of  flow  cannot  be  adequately  rendered,  but  the 
zonal  jet  west  of  New  Zealand,  and  its  feeding  of  the 
anticyclonic  gyre  to  the  east,  are  clearly  seen  in  the 
model  ( Figs.  5.  17a).  These  zonal  jets  are  required  in 
the  model  for  the  following  reasons:  (i)  the  pressure 
must  adjust  to  be  constant  in  each  layer  along  the  west 
side  of  New  Zealand;  (ii)  on  the  other  hand,  pressure 
in  each  layer  just  to  the  north  and  south  of  the  islands 
is  determined  by  the  Sverdrup  balance  and  the  con¬ 
servation  of  potential  vorticity,  (iii)  the  resulting  im¬ 
balances  in  pressure  draw  geostrophically  balanced  jets 
from  the  west. 

The  continuity  of  net  transport  in  each  layer  in  the 
sections  of  Fig.  17  is  a  consequence  of  the  assumption 
in  the  model  that  layer  interfaces  are  material  surfaces. 
Hence  the  17  Sv  total  northward  transport  between 
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Australia  and  South  America  in  the  model  ocean  is 
made  up  at  ever>'  latitude  of  zero  (in  layer  1 ),  8  Sv 
(layer  2).  and  9  Sv  (layer  3).  In  the  natural  ocean,  such 
cold,  dense  watermass  transports  would  allow  them¬ 
selves  to  be  converted  into  warmer,  lighter  water  masses 
before  flowing  out  of  the  Pacific  through  the  Indonesian 
passages.  Hence  it  seemed  vain  to  apply  the  theory  of 
section  4  to  flow  around  Australia  and  determine  layer 
depths  at  the  continental  boundary.  Permitting  cross- 
isopycnal  fluxes  in  the  model,  though  essential  to  an 
eventual  fuller  understanding  of  the  thermohaline  cir¬ 
culation  patterns,  would  vitiate  its  simplicity,  for  which 
reason  the  effect  was  omitted  from  the  present  model. 
Nonetheless,  some  qualitative  effects  of  doing  so  can 
be  anticipated.  Suppose  cross-isopycnal  flux  from  a 
deeper  to  a  shallower  layer  occurs.  Then  the  effect  on 
the  shallower  (deeper)  layer  is  to  compress  (stretch) 
vortices  and  make  the  flow  more  (less)  anticyclonic:  in 
other  words,  to  transfer  the  anticyclonic  subtropical 
circulation  from  deeper  to  shallower  layers.  Among 
the  deficiencies  of  the  model  we  have  noted  the  pre¬ 
diction  of  stronger  circulations  at  mid-depth,  and 
weaker  circulations  near  the  surface  than  observed,  es¬ 
pecially  in  the  tropics.  Proper  allowance  of  cross-iso¬ 
pycnal  flux  may  redress  this  deficiency. 

7.  Summary 

In  summary.  Warren’s  (1970)  assessment  that  the 
Sverdrup  balance  accounts  for  the  circulation  of  the 
South  Pacific  Ocean  appears  well  borne  out.  More  than 
that,  the  principle  that,  after  they  have  been  imprinted 
by  surface  contact  with  the  wind,  water  columns  con¬ 
serve  potential  vorticity  in  submerged  layers  along 
paths  in  the  geostrophic  interior,  and  the  hypothesis 
that,  where  paths  do  not  lead  directly  from  the  forcing 
regions  but  through  the  western  boundary  current,  po¬ 
tential  vorticity  is  uniform  (western  shadow  /ones)  or 
flow  is  stagnant  (eastern  shadow  /ones),  give  a  picture 
of  baroclinic  circulation  in  good  accord  with  obser¬ 
vations.  Where  agreement  is  poorer,  for  example,  in 
the  surface  circulation  in  the  Tropics.  1  have  suggested 
that  the  proper  inclusion  of  cross-isopycnal  mixing  into 
the  model,  as  well  as  a  system  of  layers  giving  finer 
near-surface  resolution,  might  reconcile  the  mode!  with 
the  observations.  Neglect  of  cross-isopycnal  mixing  also 
means  that  the  meridional  transport  in  zonal  sections 
of  watermasses  in  the  model  (where  each  layer  might 
be  regarded  as  a  watermass)  cannot  change  with  lati¬ 
tude:  a  fatal  deficiency  in  any  attempt  to  give  an  ac¬ 
count  of  the  thermohaline  circulation. 
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ABSTRACT 

The  Australian  Coastal  Experiment  (  ACE)  was  designed  to  test  coastal-trapped  wave  (CTW)  theory  and  the 
generation  of  coastal-trapped  waves  hv  the  wind  Eor  the  ACE  dataset,  we  use  C  I  W  theorv  to  attempt  to 
hindcast  the  observed  alongshelf  currents  and  coastal  sea  levels  at  locations  remote  from  the  upstream  (in  the 
CTW  sense)  boundary  of  the  ACE  region,  local  (in  the  ACE  region)  wind  forcing  is  responsible  for  onlv  about 
a  quarter  of  the  CTW  energy  (lux  at  Stanwell  Park  (the  center  of  the  ACE  region),  and  the  remainder  enters 
the  ACE  region  from  the  south  and  propagates  northward  through  the  ACE  region  Including  the  second-mode 
CTW  improves  the  correlation  between  the  hindcast  and  the  observed  near-bottom  currents  on  the  upper  slope 
at  Stanwell  Park,  but  the  use  of  the  third-mode  CTW  cannot  be  justified.  A  linear  bottom  drag  coefficient  of 
r  -  2  5  *  10  'ms  1  works  better  than  a  larger  drag  coefficient,  and  simplifying  the  CTW  equations  bv  assuming 
the  modes  are  uncoupled  does  not  detract  from  the  quality  of  the  hindcasls.  T  he  hindcast  and  observed  coastal 
sea  levels  are  correlated  at  greater  than  the  W".  significance  level  Tor  the  nearshore  locations  at  Stanwell  Park, 
the  hindcast  and  observed  alongshelf  currents  are  correlated  at  greater  than  the  WT  significance  level,  and  the 
CTW  model  can  account  for  ahout  4()'T  of  the  observed  variance.  On  the  shelf  at  Stanwell  Park,  we  find  the 
hindcasts  agree  with  the  observations  only  if  direct  wind  forcing  within  the  ACE  region  and  the  correct  (nonzero) 
upstream  boundary  conditions  are  included.  However,  even  after  attempting  to  remove  the  effects  of  the  eddies 
and  the  East  Australian  Current,  the  CTW  model  is  not  useful  for  predicting  the  currents  on  the  slope  at  Stanwell 
Park  and  on  the  shelf  and  slope  at  Newcastle  (the  northern  boundary  of  the  ACE  region).  The  currents  at  these 
locations  are  dominated  by  the  effect  of  the  East  Australian  Current  and  its  eddies. 


I.  Introduction 

Since  subinertial  frequency  coastal-trapped  waves 
(CTWs)  were  first  studied  in  the  early  1960s  (Hamon. 
1962).  there  have  been  a  number  of  attempts  to  use 
theory  to  hindcast  various  aspects  of  CTWs.  The  first 
attempt  to  use  forced  wave  theory  to  hindcast  conti¬ 
nental  shelf  waves  was  made  by  Hamon  (1976).  He 
used  the  barotropic  theory  of  Gill  and  Schumann 
(1974)  to  hindcast  sea  levels  at  Evans  Head  on  the  east 
coast  of  Australia.  Hamon  (1976)  assumed  an  along¬ 
shore  phase  velocity  of  4.0  m  s  1  [determined  from  the 
observed  alongshore  propagation  of  sea  levels  (Hamon. 
1966)].  but  concluded  that  better  agreement  between 
theory  and  observations  would  be  obtained  with  a 
phase  velocity  of  3.5  to  3.0  m  s  '.  He  also  concluded 
that  there  was  only  a  small  amount  of  frictional  dis¬ 
sipation.  The  theoretical  predictions  were  of  somewhat 
smaller  amplitude  than  observed,  but  the  amplitude 
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agreement  was  within  a  factor  of  3  or  better.  Clarke 
(1977)  showed  that  the  CTW  theory  could  be  used  to 
explain,  at  least  qualitatively  (and  quantitatively  for 
Lake  Ontario),  a  range  of  observational  and  numerical 
results. 

Brink  (1982)  used  the  CTW  theory,  with  realistic 
bottom  topography  and  stratification,  to  predict  along¬ 
shelf  currents  off  the  Peru  coast.  While  the  results  in¬ 
dicated  that  the  observed  variance  could  only  be  ac¬ 
counted  for  if  CTWs  were  present,  the  quantitative 
agreement  between  observed  and  hindcast  currents  was 
not  significant  over  most  of  the  CTW  band.  More  re¬ 
cently.  Battisti  and  Hickey  (1984)  hindcast  sea  levels 
and  alongshelf  currents  for  the  west  coast  of  the  United 
States.  For  sea  levels,  the  coherence  between  observed 
and  hindcast  results  was  significant  at  the  95%  signif¬ 
icance  level.  For  alongshelf  currents,  the  agreement  was 
less  satisfactory,  out  the  theoretical  predictions  still  ac¬ 
counted  for  a  significant  percentage  of  the  variance. 

All  of  these  ?*tempts  to  hindcast  observations  as¬ 
sumed  that  the  first-mode  CTW  was  dominant.  Re¬ 
cently.  Mitchum  and  Clarke  (1986)  have  used  up  to 
seven  CTW  modes  to  hindcast  currents  and  sea  levels 
on  the  West  Florida  Shelf.  In  Part  I  of  this  paper 
(Church  et  al.  1986.  hereafter  referred  to  as  Part  I),  the 
second-mode  CTW  was  found  to  carry  at  least  as  much 
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energy  as  the  first-mode  CTW  in  the  dataset  obtained 
for  the  Australian  Coastal  Experiment  (ACE). 

In  this  paper,  we  shall  use  the  ACE  dataset  described 
in  Freeland  et  al.  (1986)  to  attempt  some  quantitative 
tests  of  the  CTW  theory.  We  are  not  attempting  to 
explain  all  of  the  observed  variance  on  the  shelf  and 
slope.  On  the  slope,  the  observed  variance  is  dominated 
by  eddies  and  the  East  Australian  Current  and  this 
makes  verification  of  the  theory  more  difficult.  The 
theory  as  presented  by  Clarke  and  Brink  (1985)  and 
Clarke  and  Van  Gorder  (1986)  is  summarized  in  the 
Appendix  of  Part  I.  This  theory  includes  arbitrary 
stratification,  cross-shelf  topography,  and  linear  bottom 
friction:  the  waves  are  assumed  to  be  driven  by  the 
alongshelf  component  of  the  wind  stress  or  to  originate 
upstream  (in  the  CTW  sense)  of  the  ACE  region.  In 
section  2.  the  observations  are  briefly  described  and 
the  method  of  application  of  the  theory  of  the  Appendix 
of  Part  1  is  presented.  In  section  3.  the  theory  ,  together 
with  the  observed  winds  and  the  boundary  conditions 
at  the  upstream  end  of  the  ACE  wave  guide,  is  used  to 
hindcast  coastal  sea  levels  and  alongshelf  currents. 
Correlation  and  cross-spectral  techniques  indicate  that 
the  hindcasts  are  significantly  coherent  with  the  ob¬ 


servations  on  the  shelf  and  the  upper  slope.  However, 
the  near-surface  currents  above  the  slope  are  dominated 
by  eddies  and  the  East  Australian  Current,  and  the 
theory  is  unsuccessful  at  hindcasting  these  currents. 
Finally,  the  usefulness  of  the  model  is  discussed  in  sec¬ 
tion  4. 

2.  Application  of  the  theory  to  the  ACE  dataset 

a  The  observed  currents  and  pressure  and  wind  sires  v 
fields 

The  main  ACE  array  consisted  of  three  sections  of 
current  meters  (each  with  five  moorings  and  each  hav¬ 
ing  a  total  of  15  current  meters)  offshore  from  Cape 
Howe.  Stanwell  Park  and  Newcastle  (Fig.  la).  The  de¬ 
signed  placement  of  the  current  meters  on  each  section 
is  shown  in  Fig.  lb.  We  shall  refer  to  the  three  sections 
of  current  meters  as  line  1  (Cape  Howe),  line  2  (Stan¬ 
well  Park)  and  line  3  (Newcastle).  The  current  meters 
are  coded  as  in  this  example:  f23/IOOO  (f  refers  to  low- 
pass  filtered  data)  is  a  meter  at  a  depth  of  1000  m  on 
the  third  mooring  from  the  coast  on  line  2. 


Ll<>.  1  Location  diagram  lor  the  Australian  Coastal  experiment,  (a!  Ihc  locations  of  the  current  meter  moorings.  SSI’  records  and 
locations  where  meteorological  data  were  collected  the  sole  mooring  at  42°40'S  on  the  east  coast  or  Tasmania  is  shown  on  the  inset  1  lie 
dashed  line  is  the  200  m  isobath  and  the  dotted  line  is  the  4000  m  isobath  lb)  Schematic  (not  to  scale)  diagram  of  the  locations  of  current 
meters  on  the  sections  at  Cape  Howe.  Stanwell  Park  and  Newcastle  A  solid  circle  indicates  I  (MV.  data  return,  an  open  circle  zero  data 
return,  and  a  hall  shaded  circle  indicates  an  incomplete  record. 
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I  he  details  of  the  preliminary  data  analysis  are  given 
in  Part  /  and  Freeland  et  al.  (1985).  Briefly,  the  data 
was  bandpassed  to  remove  periods  greater  than  24  days 
and  less  than  2  days,  and  only  the  alongshelf  compo¬ 
nent  of  the  current  was  used. 

(  oastal  subsurface  pressure  (SSP)  data  are  available 
at  f  den  Jervis  Bay.  Port  Kembla.  Camp  Cove  and 
Port  Stephens  (Fig.  I ).  SSP  data  are  also  available  at 
the  bottom  of  the  I  35  and  5(X)  m  moorings  at  Cape 
Howe:  they  are  referred  to  as  f p 1 1  and  fp!3.  respec¬ 
tively  Details  of  the  data  and  data  processing  are  given 
in  Forbes  ( 1985a).  As  with  the  current  meter  data,  the 
series  were  bandpassed. 

Meteorological  data  were  obtained  for  16  Bureau  of 
Meteorology  stations  and  for  three  buoys  moored  at 


midshelf.  From  this  dataset,  we  selected  three  stations 
that  prov  ided  continuous  data  during  ACE  and  w  hich 
we  considered  to  be  representative  of  the  wind  stress 
field.  These  stations,  at  Green  Cape.  Montagu  Island 
and  Norah  Head  (Fig.  I ).  were  used  in  the  application 
of  the  CTW  theory .  Full  details  of  the  data  and  the 
wind  field  over  the  ACT:  region  are  given  in  Forbes 
( 1985b  and  personal  communication.  1985). 

h  Application  of  the  theory 

To  hindcast  the  alongshelf  currents  and  coastal  sea 
levels,  it  is  first  necessary  to  know  the  amplitude  <t>  of 
the  CTW  modes  at  the  upstream  end  of  the  wave  guide 
In  Part  I.  ihcse  amplitudes  of  the  CTW  modes  were 
found  by  solving 
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I  \BU  I  Observed  and  hindcast  variance  lor  the  SSPs  and  the 
correlation  coefficient  between  these  two  signals  I  he  record  is  in 
complete  lor  the  stations  marked  with  an  asterisk 
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(2.1) 

w  here  the  w/'th  element  ofthe  mtiirix  G  is  the  alongshelf 
current  component  ofthe  ;th  eigenfunction  at  the  nth 
It:  s  15)  current  meter  location  at  Cape  Howe.  Because 
of  the  finite  quantity  of  data  and  the  presence  of  other 
phenomena  besides  CTWs  (such  as  bast  Australian 
Current  eddies),  only  the  amplitude  of  the  first  three 
CTVV  modes  was  estimated.  To  minimize  contami¬ 


nation  from  the  f  ast  Australian  Current,  a  statistical 
'eddy''  mode  (see  Pan  1)  was  defined  and  included  in 
the  analysis  so  that  G  consisted  of  four  column  vectors. 
As  this  analy  sis  was  completed  at  all  three  sections,  the 
modal  amplitudes  are  known  at  Cape  Howe.  Stanwell 
Park  and  Newcastle. 

I  he  theory  outlined  in  the  Appendix  of  Pan  I  was 
then  used  to  step  along  the  coast.  In  completing  this 
hindcast.  we  allow  the  eigenfunctions  /•]  (for  the  pres¬ 
sure  held)  (and  hence  O’,  for  the  velocity  held),  the  phase- 
speeds  i,.  and  the  coupling  coefficients  />.  and  a,  to 
vary  with  the  alongshelf  location.  All  of  these  param¬ 
eters  were  evaluated  for  the  Cape  Howe.  Stanwell  Park 
and  Newcastle  sections  and  linearly  interpolated  for 
locations  between  the  se  tions.  The  eigenfunctions  and 
eigenvalues  were  computed  for  the  estimated  topog¬ 
raphy  and  Brunt-Vaisala  frequency  profiles  (see  Part 
1  for  details)  using  the  methods  of  Brink  and  Chapman 
1 1985).  The  hrst-mode  phase  velocities  increase  from 
5.2  m  s  1  at  Cape  Howe  to  4.0  m  s  1  at  Stanwell  Park 
and  to  5.2  m  s  1  at  Newcastle.  The  increase  is  due  to 
the  increased  stratification  in  the  north  and  also  to  the 
increased  shelf  width.  Sensitivity  tests  indicated  that 
the  eigenfunctions  and  the  phase  velocities  were  not 
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sensitive  to  small  changes  in  the  depth  or  the  stratifi¬ 
cation  profiles  (such  as  might  be  produced  by  inaccu¬ 
racies  in  the  data  or  local  variations  in  the  shelf  con¬ 
ditions).  but  that  for  accurate  quantitative  results  it  is 
necessary  to  allow  for  gross  changes  in  /j(.v)  and  ,V:(r) 
that  occur  between  current  meter  sections. 

The  frictional  coupling  coefficients  were  evaluated 
using  linear  bottom  friction  evaluated  from  r  -  C„l  s. 
A  value  of  0.0025  was  used  for  the  bottom  drag  coef¬ 
ficient  C'i),  and  a  value  of  0.2  ms  1  for  the  scale  velocity 
L  which  implies  that  r  =  5  X  10  4  m  s  The  value 
of  r  was  taken  to  be  independent  of  the  cross-shelf  co¬ 
ordinate. 

Wind  stress  was  calculated  from  the  observed  winds 
at  Green  Cape.  Montagu  Island  and  Norah  Head  (Fig. 
1 )  using  the  neutral  steady  state  drag  coefficient  of  Large 
and  Pond  (1981). 

The  wave  band  we  shall  consider  is  that  associated 
with  synoptic  weather  events  with  periods  ranging  from 
a  few  days  to  a  few  weeks.  In  particular,  the  lowest 


frequency  motion  we  consider  has  a  period  of  24  days 
and  the  highest  frequency  has  a  period  of  3.7  days. 

3.  Comparison  of  observed  and  modeled  coastal- 
trapped  waves 

a  Sea  levels 

The  SSPs  and  alongshelf  velocities  observed  during 
ACE  were  hindcast  using  the  theory  outlined  in  the 
Appendix  of  Part  1.  the  boundary  conditions  (at  Cape 
Howe)  determined  in  Part  1.  and  the  observed  winds. 
The  hindcast  and  observed  SSPs  are  compared  in  Fig. 
2  and  Table  1.  For  the  pressure  record  at  the  most 
southerly  location  on  the  coast  (Eden),  the  hindcast 
and  observed  SSPs  are  of  comparable  magnitude  and 
are  significantly  correlated  at  above  the  99%  signifi¬ 
cance  level.  We  calculated  the  integral  time  scales  fol¬ 
lowing  Davis  (1976).  If  Eden  and  Camp  Cove  sea  levels 
are  used,  the  integral  time  scale  is  5  days  (as  used  by 
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TAB!  I  2.  Correlation  coefficients  between  the  de-eddied  observed  alongshelf  currents  and  the  hindeast  currents  at  Stanwcll  Park  and 
Newcastle.  Ihe  correlation  coefficients  are  given  for  the  total  ACT.  period  and.  lor  Stanwcll  Park,  are  also  given  for  the  pen»>J  when  no 
eddies  were  present  (days  50  to  140). 
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Fig.  4.  Contour  plot  of  the  correlation  between  the  hindeast  along- 
shelf  current  and  the  de-eddied  observations  between  days  5(1  and 
140.  Only  one  Cl  W  mode  is  used  in  (a),  two  CTW  modes  are  used 
in  (b).  and  three  CTW  modes  are  used  in  (c).  Regions  of  negative 
correlation  arc  indicated  by  heavy  stippling:  light  stippling  indicates 
regions  where  the  correlation  coefficient  is  less  than  0.25  but  greater 
than  zero. 


Freeland  el  al..  1986).  However.  il‘ the  eurrents  at  fl  1/ 
125  and  12 1 / 1 2 5  are  used,  the  integral  time  scale  is 
about  3  days.  To  estimate  significance  levels,  we  have 
used  the  more  conservative  time  scale  of  5  days,  and 
thus  lor  a  record  length  of  180  days  and  an  integral 
time  scale  of  5  days  the  95";  significance  level  is  0.325 
and  the  99";  significance  level  is  0.4 1 8.  In  contrast,  for 
the  record  at  the  500  m  isobath  <  fp  1 3).  both  the  ob¬ 
served  and  hindeast  signals  are  small  (as  is  expected 
for  CTWs)  and  are  not  significantly  correlated.  \t 
midshelf  (the  1  35  m  isobath — fp  I  I ).  the  observed  and 
hindeast  series  are  of  intermediate  magnitude  (com¬ 
pared  to  F.den  and  fp  1 3 )  and  are  significantly  corre¬ 
lated.  For  the  coastal  SSP  at  Camp  Cove  and  Port  Ste¬ 
phens  (the  two  other  sites  with  complete  records),  the 
hindeast  and  observed  scries  have  similar  variances  and 
are  significantly  correlated  at  greater  than  the  °9r;  sig¬ 
nificance  level  (Table  1). 

Although  we  have  used  only  the  velocities  at  Cape 
Howe  to  determine  the  amplitudes  of  the  C  l  W  modes, 
the  model  can  successfully  hindeast  the  observed  SSP 
at  the  northern  limit  of  the  ACE  array.  It  is  also  ap¬ 
parent  (Tig.  2)  that  the  comparison  is  poorer  at  some 
times  than  others.  This  is  at  least  partially  due  to  the 
presence  of  offshore  eddies  that  are  affecting  the  coastal 
sea  levels,  which,  as  we  shall  see.  have  an  even  more 
marked  elftv;  on  the  alongshelf  currents. 

/>  (  urrcnis 

In  comparing  the  hindeast  alongshelf  eurrents  with 
the  observations,  it  must  be  remembered  that  offshore 
events  (eddies  and  the  Fast  Australian  C urrent)  strongly 
affect  the  currents  on  the  shelf  and  that  CTWs  onlv 
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account  for  a  fraction  of  the  observed  variance.  In  Part 
I,  an  attempt  was  made  to  minimize  the  contamination 
of  the  CTW  mode  amplitudes  by  including  a  statistical 
eddy  mode  in  the  least-squares  fit.  For  an  initial  com¬ 
parison  of  hindcast  currents  with  the  observations,  we 
have  attempted  to  remove  that  part  of  the  current  due 
to  eddies  by  generating  a  "de-eddied"  current  vdc  given 
by 

r,f  =  (3.1) 

Note  that  idc  includes  the  contribution  from  the  first 
three  CTW  modes  and  a  residual  noise  factor  <.  which 
could  include  contributions  from  higher-order  CTW 
modes  and  from  the  East  Australian  Current. 

This  de-eddied  current  is  compared  with  a  represen¬ 
tative  range  of  hindcast  currents  at  Stanwell  Park  and 
Newcastle  in  Fig.  3.  The  correlation  coefficients  (Table 
2)  are  largest  for  the  nearshore  meters,  where  the  hind¬ 
cast  and  observed  variances  are  of  a  similar  magnitude, 
and  the  correlation  coefficients  gradually  decrease  with 
increasing  distance  from  the  coast.  The  variance  in  both 
the  observed  and  hindcast  series  decreases  with  in¬ 
creasing  distance  beyond  the  shelf  break,  with  the 
hindcast  variance  decreasing  faster  than  the  observed 
variance.  This  result  is  not  surprising  given  that  CTWs 
are  trapped  on  the  continental  shelf  and  slope,  and  the 
presence  of  East  Australian  Current  eddies  in  the  off¬ 
shore  region.  Also,  the  correlation  coefficients  are  larger 
for  Stanwell  Park  than  for  Newcastle.  This  is  because 
of  the  small  amount  of  variance  accounted  for  by  the 
first  three  CTW  modes  at  Newcastle  (See  Part  I).  As 
for  the  sea  levels,  the  correlation  coefficients  for  the 
nearshore  velocities  are  well  above  the  99r;  significance 
level  of  0.4 1 8  (Table  2). 

Offshore,  the  correlations  are  not  significant  at  the 
95'7  level.  Due  to  the  effects  of  eddies,  there  are  periods 
when  the  hindcast  is  significantly  worse  than  at  other 
times:  i.e..  w  hile  we  have  reduced  the  effects  of  eddies 
on  the  currents  by  using  a  statistical  eddy  mode,  we 
have  not  entirely  removed  their  effects.  In  fact,  there 
are  periods  (particularly  from  late  January  to  February 
at  Stanwell  Park)  when  the  eddies  dominate  the  ob¬ 
served  currents  at  all  locations  across  the  shelf.  In  con¬ 
trast.  for  the  period  between  days  50  and  140.  other 
observations  (CTD  data,  XBT  data,  satellite-tracked 
buoys  and  satellite  infrared  images)  taken  during  ACE 
indicate  that  no  large  eddies  were  affecting  the  currents 
at  Stanwell  Park.  The  correlations  for  this  period  are 
considerably  higher  than  they  are  for  the  complete  ACE 
period  (Table  2);  in  the  offshore  region  all  the  corre¬ 
lations  are  positive  and  some  are  significant  at  the  95% 
level. 

We  have  attempted  to  answer  the  question  “Flow 
many  CTW  modes  are  necessary  to  hindcast  the  ob¬ 
served  currents  successfully?"  For  this  test,  we  concen¬ 
trated  on  the  alongshelf  currents  at  Stanwell  Park  for 
the  period  between  days  50  and  140  when  eddies  were 


absent  from  the  Stanwell  Park  region.  We  repeated  the 
fitting  of  CTW  modes  at  Cape  Howe  and  the  subse¬ 
quent  hindcasting  of  alongshore  velocities  at  Stanwell 
Park  using  two  rather  than  three  CTW  modes,  and  one 
rather  than  three  CTW  modes,  and  compared  the  re¬ 
sults  with  the  de-eddied  currents  at  Stanwell  Park.  For 
the  locations  on  the  shelf,  including  only  two  modes 
gives  marginally  higher  correlations  than  including 
three  modes,  which  in  turn  gives  higher  correlations 
than  including  only  one  mode.  However,  for  locations 
24/1000.  24/450.  25/1000  and  25/1900.  using  only  one- 
mode  (Fig.  4)  resulted  in  negative  correlations:  i.e..  one- 
mode  cannot  account  for  the  observed  reversal  of  sign 
of  the  longshore  currents.  In  contrast,  when  two  modes 
were  used,  the  only  negative  correlation  was  at  25/450, 
and  for  three  modes  all  correlations  were  positive. 

In  Part  I.  it  was  found  that  CTW's  accounted  for 
only  a  fraction  of  the  observed  variance  and  that  even 
when  an  eddy  mode  was  included  some  variance  was 
still  unaccounted  for.  We  also  found  that  remov  ing  the 
eddy  mode  from  the  observations  did  not  remove  all 
of  the  eddy  signal  from  the  data.  To  avoid  this  noise, 
we  applied  a  more  realistic  test  of  CT  W  theory  by 
comparing  the  predictions  with  currents  we  believe  to 
be  associated  with  CTWs.  At  Stanwell  Park  and  New¬ 
castle  sections,  we  define  reconstructed  currents  as 


i,,’ -  0'„,(a. y)<t>, Tr.ri  (3.2) 


w  here  </>,.  is  determined  from  the  data  (see  Pan  I).  Since 
Eq.  (3.2)  involves  a  summation  limited  to  the  first  three 
CTW  modes,  the  reconstructed  currents  are  due  to  the 
dynamical  modes  with  a  relatively  small  amount  of 
contamination  from  eddies  of  from  other  phenomena: 
i.e..  the  residual  noise  factor  t  is  not  included  in  Eq. 
(3.2)  whereas  it  is  included  in  Eq.  (3.1 ).  A  comparison 
of  the  reconstructed  currents  with  the  hindcast  veloc¬ 
ities  is  show  n  in  Fig.  5  and  Table  3.  Compared  to  the 
correlations  for  the  de-eddied  currents,  the  correlation 
between  the  two  signals  is  only  marginally  different 
near  the  coast  but  is  significantly  improved  offshore. 

The  time  series  of  the  amplitudes  of  modes  1 . 2  and 
3  at  Stanwell  Park,  as  calculated  from  the  observations 
and  as  hindcast  from  the  above  theory,  are  shown  in 
Fig.  6.  The  correlation  coefficients  between  the  ob¬ 
served  and  hindcast  time  series  are  0.47  and  0.51.  re¬ 
spectively.  for  modes  1  and  2  at  Stanwell  Park:  for 
mode  1  at  Newcastle  the  correlation  coefficient  is  0.44. 
The  correlation  coefficients  for  mode  3  are  not  signif¬ 
icant  for  either  location,  and  for  mode  2  the  correlation 
coefficient  is  not  significant  for  Newcastle.  Cross  spectra 
(Fig.  7)  between  observed  and  hindcast  series  at  Stan¬ 
well  Park  indicate  that  for  mode  1  the  series  are  sig¬ 
nificantly  correlated  for  all  periods,  except  4.8  days 
over  the  24  to  3.7  day  wave  band,  and  there  is  a  near 
zero  phase  difference  for  the  entire  wave  band.  The 
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transfer  function  is  about  1.2  for  periods  of  8  and  6 
days,  but  is  about  0.7  for  the  rest  of  the  wave  band. 
These  estimates  of  the  transfer  function  are  not  signif¬ 
icantly  different  from  unity.  For  mode  2,  the  series  are 
significantly  correlated  over  the  entire  wave  band  and 
there  is  a  near  zero  phase  difference  for  periods  from 
24  to  4.8  days:  however,  at  a  period  of  3.6  days  this 
phase  difference  suddenly  jumps  to  180°.  The  transfer 
coefficient  ranges  from  0.4  for  a  period  of  3.6  days  to 
0.7  at  a  period  of  6  days;  i.e.,  the  hindcast  series  is  too 
small  by  about  40%.  For  mode  3,  the  series  are  not 
significantly  correlated  in  the  wave  band. 

To  estimate  the  sensitivity  of  the  solution  to  varia¬ 
tions  in  the  friction  coefficients,  we  arbitrarily  halved 
and  doubled  the  frictional  coupling  coefficients  a,,. 
When  the  coupling  coefficients  were  doubled  (increased 
friction),  the  coherences  fell  slightly  and  the  phase  lags 
increased  by  10°  to  20°.  However,  the  transfer  function 
decreased  by  between  10%  and  50%  for  mode  1  and 
by  between  20%  and  50%  for  mode  2.  When  the  cou¬ 
pling  coefficients  atJ  were  halved,  the  transfer  coeffi¬ 
cients  for  mode  1  increased  for  periods  greater  than  6 
days  but  were  smaller  for  higher  frequencies.  For  mode 


2,  the  transfer  function  increased  by  about  20^  to  a 
range  from  0.64  to  0.9  for  periods  greater  than  3.6 
days.  The  final  sensitivity  test  was  to  set  the  off-diagonal 
terms  of  the  matrix  of  frictional  coupling  coefficients 
(a,,)  equal  to  zero.  This  approach  greatly  simplifies  Eq. 
(2.3)  in  that  it  decouples  the  modes,  and  one  equation 
can  be  solved  for  each  mode  rather  than  a  set  of  coupled 
equations.  The  cross  spectra  for  this  case  are  also  shown 
in  Fig.  7.  The  mode  2  transfer  function  is  marginally 
closer  to  unity,  but  otherwise  the  results  are  not  sig¬ 
nificantly  different  from  the  standard  case. 

4.  Discussion 

The  theoretical  frictional  space  (and  time)  decay 
scales  used  in  the  model  for  modes  1.  2  and  3  for  the 
Stanwell  Park  section  are  1800  km  (5.2  days),  1200 
km  (6.5  days)  and  1100  km  (10  days),  respectively. 
Mode  3  (and  higher-order  modes)  have  a  shorter  decay 
distance  than  mode  1.  and  in  Part  I  it  was  shown  that 
the  observed  modal  amplitudes  for  mode  3  were  not 
coherent  between  any  pair  of  sections.  Moreover,  the 
hindcast  and  observed  mode  3  amplitudes  were  not 
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Fig.  5.  Comparison  of  the  hindcast  alongshelf  currents  with  the  reconstructed  currents  at  (a)  Stanwell  Park  and  (b)  Newcastle 
The  predictions  were  completed  using  a  model  using  three  CTW  modes,  and  Eq.  (4.2)  was  used  lor  the  reconstructed  velocities. 
Only  a  representative  selection  of  current  meter  records  are  presented 
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Fig.  5.  ( Continued ) 


coherent,  and  it  is  unlikely  that  higher  order  modes 
can  be  identified  with  most  practical  instrument  arrays. 
For  these  reasons,  mode  3  (and  higher  order  modes) 
are  not  very  useful  in  ACE  for  a  hindcast  of  alongshelf 
currents.  However,  at  least  two  modes  are  necessary 
to  hindcast  the  currents  on  the  upper  slope  at  Stanwell 
Park.  For  nearshore  locations  where  friction  becomes 
relatively  more  important,  the  inclusion  of  higher  order 
modes  may  be  necessary. 

The  attempts  to  hindcast  the  observations  using  a 
CTW  model  indicated  that  halving  the  friction  param¬ 
eter  to  r  =  2.5  X  10  4  m  s”'  gave  a  transfer  function 
closer  to  the  theoretically  expected  value  of  unity.  This 
conclusion  agrees  with  Battisti  and  Hickey  (1984),  who 
found  that  a  decay  time  scale  of  5  days  or  longer  worked 
best.  Also,  Hamon  (1976)  found  higher  correlations 
between  hindcast  and  observed  sea  levels  on  the  east 
Australian  coast  when  he  used  a  relatively  small  friction 


parameter.  Note  that  even  when  the  friction  parameter 
is  reduced  by  a  factor  of  2,  the  decay  time  scales  for 
the  CTW  modes  are  on  the  order  of  the  period  of  the 
waves,  and  they  will  decay  substantially  before  they 
have  propagated  one  wavelength:  the  CTWs  are  heavily 
damped.  Despite  this  heavy  damping,  CTWs  can  carry 
energy  substantial  distances  (perhaps  1000  or  2000 
km).  For  a  number  of  continental  shelves,  strong  forc¬ 
ing  is  remote  and  upstream  (in  the  CTW  sense)  from 
the  region  of  interest;  i.e.,  the  CTWs  are  mainly  freely 
propagating  through  the  region  of  interest.  The  ACE 
region  and  the  shelf  off  Peru  (Brink.  1982)  are  two 
regions  where  remote  forcing  is  important. 

Assuming  that  the  modes  are  uncoupled  does  not 
appear  to  detract  from  the  quality  of  the  hindcasts. 
Since  this  greatly  simplifies  the  problem,  it  seems  pref¬ 
erable  to  assume  that  the  CTW  modes  are  uncoupled. 
These  conclusions  could  possibly  change  if  different 


1054 


JOl'RNAI  <>l  I'lIVSK  Al  (H  I  AMK.RM'in 


A  i  il  i  Ml  !(■ 


(a)  1983  1984 

31  Aug  10  Oct  19  Nov  29  Dac  7  Fab  18  Mar 

I _ I _ I - 1 - — I - 1 - 1 _ I _ I _ I _ L 


- 1 - 1 - 

40  60 

80 

100  120  140  160 

180 

200 

Day* 

Observad 

-  Hindcaat 

Fl(i.  6.  Comparison  of  the  first  three  CTW  mode  amplitudes  as  estimated  from  the  observations 
and  hindcast  b>  the  model  al  (a)  Stan  well  Park  and  (b)  Newcastle 


2120 


distributions  of  bottom  friction,  as  might  be  induced 
by  surface  waves  or  other  phenomena,  were  assumed. 
Given  that  we  found  that  the  hindcast  and  observed 


SSPs  and  alongshelf  currents  were  highly  coherent  on 
the  shelf  at  Stanwell  Park,  how  well  does  the  coastal- 
trapped  wave  theory  work  as  a  predictive  tool'.’  For  the 


Table  3.  Correlation  coefficients  between  the  "reconstructed"  alongshelf  currents  and  the  hindcast  currents  at  Stanwell  Park  and  Newcastle 
The  correlation  coefficients  are  given  for  the  total  ACE  period  and.  for  Stanwell  Park,  are  also  given  for  the  period  when  no  eddies  were 
present  (days  50  to  1401. 


Location 

Stanwell  Park 
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Correlation 
coefficient 
(complete  record) 

Correlation 
coefficient 
(days  50-140) 

Location 

Correlation 
coefficient 
(complete  record) 
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0.62 

0.74 
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nearshore  current  meters  at  Stanwell  Park,  we  have 
calculated  the  residual  variance  (i.e.,  we  subtracted  the 
hindcast  alongshelf  currents  from  the  observed  along- 
shelf  currents  and  calculated  the  variance  of  this  resid¬ 
ual).  For  the  periods  when  eddies  were  not  present,  the 
observed  variances  for  meters  f2 1/75  and  171/125  are 
1 14  and  131  cnr  s  ;.  respectively,  while  the  residual 
variances  are  69  and  72  cm:  s  \  respectively.  These 
residual  variances  are  61%  and  55%-  of  the  observed 
variances,  so  for  these  nearshore  regions  the  CTW 
model  is  a  practical  tool  for  estimating  the  alongshelf 
currents.  Further  offshore  and  at  Newcastle,  the  pre¬ 
dictions  are  not  useful  because  eddies  and  the  East 
Australian  Current  dominate.  Closer  to  shore,  where 
the  East  Australian  Current  eddies  have  less  effect,  one 
would  expect  the  CTW  model  to  do  somewhat  better 
than  further  offshore.  An  alternative  predictive  model 
would  be  to  assume  that,  because  shelf  currents  gen¬ 
erally  have  a  large  alongshelf  scale,  the  currents  at  Cape 
Howe  are  identical  to  those  at  the  corresponding  lo¬ 
cation  at  Stanwell  Park.  However,  examination  of  rec¬ 
ords  fl  1/125  and  121/125  shows  that  at  zero  lag  the 
correlation  coefficient  is  only  0.29  (in  contrast  to  0.74; 
Table  3).  and  if  fl  1/125  is  used  as  a  predictive  tool  for 


121/125  then  the  residual  variance  is  larger  than  the 
variance  of  121/125. 

In  contrast  to  the  situation  at  Stanwell  Park,  the  East 
Australian  Current  and  its  eddies  dominate  currents 
offshore  from  Newcastle,  and  for  the  observation  lo¬ 
cations  the  CTW  model  is  not  a  useful  predictive  tool 

The  dominant  energy  source  for  the  observed 
coastal-trapped  waves  does  not  lie  in  the  ACE  region; 

1. e..  it  is  not  the  "local"  wind  that  is  dominant  in  dnv  ing 
the  currents  on  the  shell  If  the  amplitudes  of  the  CTWs 
at  Cape  Howe  are  set  to  zero,  then  the  energy  fluxes 
predicted  for  Stanwell  Park  are  too  small  by  about  a 
factor  of  3  for  mode  I  and  about  a  factor  of  7  for  mode 

2.  Similarly,  when  the  correct  upstream  boundary  con¬ 
ditions  were  used  but  the  winds  within  the  main  ACE 
region  were  set  to  zero,  the  energy  flux  at  Stanwell  Park 
was  too  small  by  about  a  factor  of  2  for  mode  1  and  a 
factor  of  about  3  for  mode  2.  When  both  the  correct 
boundary  conditions  and  the  winds  were  used,  the  en¬ 
ergy  llux  at  Stanwell  Park  was  too  large  by  about  20% 
for  mode  1  and  too  small  by  about  35%  for  mode  2. 
It  appears  that  about  three-quarters  of  the  CTW  signal 
observed  at  Stanwell  Park  is  the  result  of  free  propa¬ 
gation  from  Cape  Howe  and  the  remainder  due  to  wind 
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Flo.  7.  Cross  spectra  between  the  amplitude  of  the  CTW  modes  calculated  from  the  observations  at  Slanwell  Park  and  hindcast 
using  the  CTW  model.  Mode  I  is  shown  in  (al  and  mode  2  in  (b).  The  solid  line  is  the  standard  case  and  the  dashed  line  is 
assuming  the  matrix  (a,,)  is  diagonal.  The  95'?  significance  level  is  indicated  by  the  dotted  line 


forcing  north  of  Cape  Howe.  To  successfully  hindcast 
the  observations,  both  the  correct  boundary  conditions 
and  the  correct  winds  are  necessary.  The  free  wave  as¬ 
sumption  implicit  in  the  analysis  of  Freeland  et  al. 
(1486),  and  in  Part  I,  works  well  because  the  CTWs 
are  dominated  by  free  rather  than  forced  waves,  and 
as  Clarke  and  Thompson  (1984)  showed,  the  response 
forced  by  a  reasonable  distribution  of  wind  stress  in 
the  ACE  region  appears  to  propagate  at  speeds  not 
greatly  different  from  the  phase  speeds  of  the  free  waves. 

While  Hamon  ( 1 976)  found  high  coherence  between 
sea  levels  at  Evans  Head  (29°S)  and  results  from  the 
Gill  and  Schumann  (1974)  model,  the  gain  between 


the  model  results  and  the  observations  was  somewhat 
larger  than  the  expected  value  of  unity.  It  appears  that 
the  likely  explanation  for  this  result  is  that  Hamon 
(1976)  assumed  (in  contradiction  to  the  present  results) 
that  there  was  no  CTW  energy  propagating  past  Gabo 
Island  and  that  the  response  at  Evans  Head  was  due 
to  wind  forcing  between  Gabo  Island  and  Evans  Head. 

A  substantial  fraction  of  the  energy  for  the  observed 
CTWs  must  be  input  into  the  coastal-wave  guide  south 
and  west  of  Cape  Howe.  One  possibility  is  that  the  very 
strong  winds  at  and  just  to  the  south  and  west  of  Cape 
Howe  generated  the  observed  signals.  Forbes  (personal 
communication,  1985)  found  that  for  Gabo  Island  the 
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wind-stress  rms  variance  during  the  ACE  period  was 
0.3  1  N  m  T  his  hypothesis  was  tested  by  using  the 
Gabo  Island  winds  over  the  150  km  between  Cape 
Howe  and  the  eastern  extremity  of  Bass  Strait  to  drive 
the  CTW  model.  For  the  nearshore  locations,  the  co¬ 
herences  between  observed  and  hindcast  currents  were 
up  to  0.68  (compared  with  44(’f  significance  level  ot 
0.418).  However,  the  energy  llux  at  Cape  Howe  cal¬ 
culated  in  this  model  was  about  a  factor  of  4  too  small 
for  mode  1  and  about  a  factor  of  5  too  small  for  mode 
2  As  pointed  out  by  Freeland  et  al.  ( I486),  not  much 
CTW  energy  is  propagated  past  the  sole  mooring  ott 
the  eastern  coast  of  Tasmania.  However,  another  al¬ 
ternative  discussed  by  Freeland  et  al.  ( 1986)  is  that  the 
CTW  energy  is  generated  in  Bass  Strait  or  on  the  east 
coast  of  Tasmania  (north  of  the  sole  mooring  at 
42°4()’S).  If  the  winds  measured  at  Gabo  Island  are 
representative  of  winds  over  the  entire  region,  then  this 
solution  is  certainly  possible  A  wind-generated  east- 
west  flow  through  Bass  Strait  would  experience  rapid 
topographic  variations  at  the  eastern  end  of  Bass  Strait, 
which  might  allow  the  generation  of  the  second  (and 
higher  order)  C  I~W  modes  as  observed  at  Cape  Howe. 

I  heoretical  work  (e  g..  Allen.  1 976 Idoes allow  the  pos¬ 
sibility  of  the  scattering  of  energy  from  a  first-mode 
continental  shelf  wave  to  higher-order  modes.  Recent 
theoretical  work  (Buchwald  and  kachoyan.  personal 
communication.  1485)  has  shown  that  an  eastward  flow 
through  Bass  Strait  does  generate  higher  order  CTWs 
on  the  east  coast  and  that  almost  all  of  this  energy 
travels  to  the  north  through  the  ACE  region,  Recent 
observational  work  (Church  and  Freeland.  I486)  has 
shown  that  sea  levels  are  highly  correlated  right  across 
the  south  coast  of  Australia,  through  Bass  Strait,  and 
into  the  ACE  region.  These  two  pieces  of  work  suggest 
that  it  is  the  strong  wind  on  the  south  coast  of  Australia 
which  is  the  predominant  driving  force  for  the  CTWs 
on  the  south  east  Australian  continental  shelf. 
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Vertical  Heat  Fluxes  Through  the  Beaufort  Sea  Thermohaline  Staircase 

I  At  rii  Padman  and  Thomas  M.  Dittos 
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Microstructure  profiles  of  temperature,  conductivity.  and  velocity  shear  during  the  Arctic  Internal 
Wave  I  xpcrimcnl  (AIWI  Xl  in  March  April  19X5  m  the  Beaufort  Sea  are  used  to  investigate  Ihe  thermo¬ 
dynamic  prvicesses  in  a  dilfusive  thermohahne  staircase.  The  staircase  occurs  between  depths  of  about 
A  Jo  and  4.10  m.  above  the  core  of  the  relatively  warm,  salts  Atlantic  water,  where  the  mean  temperature 
and  sahnitv  are  increasing  with  depth  Individual  isothermal  lasers  can  bo  tracked  for  at  leas!  several 
hours,  suggesting  a  horizontal  length  scale  of  several  hundred  meters  or  more,  assuming  a  typical  relative 
velocity  of  001  m  s  1  at  this  time.  Over  the  depth  range  120  410  m  the  mean  (average  over  several  stepsi 
density  ratio  R  -  />'  .S  r  /.  vanes  between  4  and  b.  while  the  typical  temperature  difference 
between  lasers  decreases  from  0012  to  0004  ('  I  he  mean  thickness  of  ihc  layers  also  varies,  from  I  m 
at  .12(1  m  depth  to  2  m  at  4 1(1  m  The  relationship  proposed  by  Kelley  (19X41.  relating  layer  height  to 
V-'  R  .  and  molecular  properties  of  the  fluid,  overestimates  the  mean  layer  thickness  by  about  a 
factor  of  2  The  variability  of  staircase  characteristics  suggests  that  oceanic  staircases  may  rarely,  if  ever, 
be  steady  state,  but  m  general  be  slowly  evolving  from  previous  perturbations  bleat  fluxes  estimated 
from  laboratorv -based  flux  laws,  involving  K  .  and  AT.  are  in  the  range  0  02  <  0.1  W  m  ’.which  is 

in  agreement  with  the  molecular  heal  fluxes  through  the  maximum  mtcrfucia!  temperature  gradients 
I  here  are  tto  interfaces  where  the  kinetic  energy  dissipation  rate  (averaged  over  0  5  ml  exceeds  the  lower 
limit  for  diapycn.il  mixing.  24  5>  A  * 


1  Ini  Rom  <  nos 

In  many  regions  of  the  world's  oceans  and  lakes,  line-scale 
and  microscale  profiles  of  temperature  I  /  I  and  salinity  (Si 
contain  "staircases."  consisting  ol  series  of  homogeneous 
layers  separated  by  sheets,  i.e.  regions  of  relatixely  high  tem¬ 
perature  and  salinity  gradient  Where  both  gradients  have  the 
same  sign,  the  staircase  can  he  explained  by  double  diffusion 
[  Turner.  197.1],  a  process  w  hich  depends  on  the  differing  mo¬ 
lecular  diffusixities  of  heat  and  salt  Where  /  and  S'  both 
decrease  with  depth,  the  "salt  fingering"  instability  may  occur, 
while  when  /  and  S'  both  increase  with  depth,  the  "diffusive” 
instability  is  possible  I  his  paper  describes  observations  of  a 
diffusive  staircase  in  the  C  anada  Basin  of  the  Arctic  Ocean 
beneath  the  ice  pack  during  the  Arctic  Internal  Wave  Experi¬ 
ment  l AIWI  Xl.  March  May  19X5.  and  estimates  the  vertical 
heat  fluxes  which  are  associated  with  the  diffusive  instability. 

Diffusive  interfaces  have  often  been  studied  in  laboratories 
(sec  lor  example.  Turner  [I9b5.  I96X],  Happen  [1971],  \far- 
tiiontio  uni/  Caldwell  [197b],  Sewell  [19X4],  and  Kelley 
[  I9X6]|  The  usual  experimental  arrangement  involves  heating 
the  base  of  a  tank  containing  salinity -stratified  water  and  ob¬ 
serving  the  growth  of  layers  which  are  homogeneous  in  both 
temperature  and  salinity  In  these  experiments  the  rate  of 
heating  is  a  known  quantity,  and  assuming  no  heat  losses 
through  the  sidewalls,  scaling  parameters  for  the  staircase  can 
then  be  based  on  this  heat  flux  In  most  geophysical  fluids, 
however,  it  is  rarely  obvious  what  Ihe  heat  flux  should  be  at 
any  particular  depth  T  he  lower  boundary  of  a  staircase  may 
be  continually  replenished  with  heal  through  lateral  advec- 
tion,  or  it  may  vary  as  the  vertical  heat  flux  cools  the  deeper 
water  In  general,  the  heat  flux  through  the  staircase  is  ex¬ 
pected  to  he  set  by  the  staircase  characteristics  rather  than 
v ice  versa 
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Section  2  provides  a  brief  desenpton  of  ihe  A1WEX  experi¬ 
ment  and  the  microstructure  profiler  Section  1  gives  an  over¬ 
view  of  the  staircase  characteristics,  while  section  4  discusses 
the  vertical  heat  fluxes  through  the  staircase 

2  Ext’l  KIMI  VI  At  DIS<  RII<II<IN 
A1WEX  was  a  multi-institute  ice  camp  experiment  designed 
primarily  to  measure  the  characteristics  of  the  internal  wave 
Held  of  Ihc  Canada  Basin  in  the  Arctic  Ocean,  hut  n  also 
incorporated  subsidiary  projects  for  nutrient  sampling, 
measurements  of  small  baroclinie  eddies,  and  instrument 
trials.  The  drift  track  for  the  tee  camp,  determined  from  ap¬ 
proximately  two-hourly  satellite  fixes,  ts  shown  in  f  igure  1 
Seven  hundred  and  twenty-three  microstructure  profiles 
were  made  between  March  20  and  April  26.  19X5.  the  maxi¬ 
mum  profiled  depth  being  465  m  However,  many  casts  cov¬ 
ered  only  the  limited  depth  ranges  required  to  study  specific 
features,  such  as  0  2(X)  m.  in  which  thermal  anomalies  indica¬ 
tive  of  thermohaline  intrusions  occurred,  and  TOO  450  m. 
where  the  thermohahne  staircase  was  most  clearly  defined 
Ihe  small  depth  ranges  for  these  specific  studies  allowed  a 
reduced  cycling  lime  between  profiles  of  about  10  nnn.  com¬ 
pared  with  20  min  for  extended  profiles.  Several  slow  drops 
were  also  made  fo  study  the  response  of  the  thermistor  and  to 
investigate  the  response  of  the  shear  probes  to  changes  in 
temperature,  as  discussed  by  Osborn  and  Crawford  [  19X0] 

In  this  paper  we  shall  concentrate  upon  a  20-hour  series  of 
100  profiles  through  the  staircase,  collected  on  April  21  22. 
19X5.  at  the  location  shown  in  f  igure  I  Most  of  these  protiles 
extend  front  TOO  m  to  460  nt.  I  he  average  sampling  frequency 
of  5  eph  ts  well  above  the  mean  (average  over  several  stepsi 
buoyancy  frequency  of  about  I  eph  but  is  less  lhan  a  typical 
buoyancy  frequency  of  0(101  eph  for  individual  sheets  At  the 
time  this  series  was  taken,  the  absolute  velocity  of  the  ice 
camp  varied  front  almost  stationary  to  about  0.08  ms1,  with 
several  reversals  in  direction  Assuming  the  current  at  the 
depth  of  the  staircase  to  be  negligible,  the  total  horizontal 
extent  of  the  survey  is  about  600  m  We  shall  show  below  that 
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because  of  (he  very  long  time  scales  for  double-dilVusive  pro¬ 
cesses.  differences  between  profiles  should  be  interpreted  as 
being  due  to  horizontal  variability  rather  than  due  to  tempo¬ 
ral  evolution  of  the  staircase. 

Microstructure  data  were  obtained  with  the  Rapid- 
Sampling  Vertical  Profiler  iRSVPi.  described  by  Caldwell  cl 
at.  [  1  S)H5  ]  The  RSVP  is  a  tethered,  free-fall  profiler  about  2  m 
long,  which  carries  sensors  for  measuring  pressure,  microscale 
velocity  shears  n.  and  t ..  temperature,  and  conductivity.  The 
probe  length  is  a  compromise  between  ease  of  deployment 
and  resolution  of  low  wave  number  velocity  structure.  The 
average  fall  rale  is  about  0.9  ms1,  constrained  by  a  drag 
element  consisting  of  an  annular  brush  near  the  rear  of  the 
probe  The  raw  data  sampling  rate  is  130  Hz  for  temperature, 
conductivity,  and  pressure  Temperature  is  measured  with  a 
Thermometries  F  P07  thermistor,  which  projects  forward  from 
the  probe  nose  assembly.  This  thermistor  has  an  approxi¬ 
mately  flat  frequency  response  to  20  Hz,  correctable  to  40  Hz. 
with  an  rms  noise  level  based  on  an  20-Hz  bandwidth  of 
about  4x10  4  C. 

Two  versions  of  the  RSVP  were  used  during  AIWF.X.  the 
principal  difference  being  the  way  in  which  conductivity  was 
measured.  Two  profilers  used  a  Neil  Brown  Instrument  Sys¬ 
tems  (NBIS)  conductivity  cell  mounted  on  the  side  of  the 
probe,  0.1  m  above  the  probe  tip.  For  salinity  determination  a 
second  Thermometries  FP07  thermistor  was  mounted  adja¬ 
cent  to  the  cell.  The  NBIS  cell  has  a  response  length  of  about 
0.1  m  [G rei/n  el  at..  1982],  so  that  at  the  nominal  fall  rate  the 
time  constant  of  the  conductivity  cell  is  0.1  s.  A  further  two 
profilers  used  a  four-electrode  microconductivity  probe. 


manufactured  t>>  Precision  Measurement  I  ngmeermg  tPMI  i 
and  described  by  llcaa  |  1983]  This  probe  has  a  response  time 
set  by  Ihe  rate  at  which  the  boundary  layer  entrained  by  the 
probe  tip  is  replenished  The  estimated  spatial  resolution  at 
the  nominal  fall  speed  is  about  3  mm  Ihe  data  are  analog 
filtered  at  40  Hz  before  digitization,  giving  an  effective  resolu 
non  of  0(0021  m  at  a  drop  speed  of  09  ms1!  he  conduc¬ 
tivity  records  from  the  PMh  sensor  are  occasionally  contami¬ 
nated  both  by  rapidly  occurring  offsets  and  by  low -frequeiK  v 
variations  in  the  output  voltage  1  he  former  problem  may  be 
due  to  contamination  of  the  electrodes  by  organic  matter  and 
leads  to  spilxing  in  Ihe  salinity  record  The  low -frequency  van- 
ations  prevent  the  accurate  determination  of  average  salinity 
for  particular  layers  and  hence  affect  the  estimates  of  saint  it  \ 
differences  across  interfaces  The  PMP  conductivity  data  will 
therefore  be  used  only  to  investigate  the  thinness  of  individual 
sheets,  and  not  for  estimating  mean  layer  salinities 

At  typical  temperatures  and  salinities  tit  C.  35  practical  sa¬ 
linity  units  (psull  the  equation  relating  changes  in  salinity  to 
changes  in  conductivity  and  temperature  can  he  linearized  to 

AS  -  I3.2AC  -  1.13 A  T 
or 

AC  -  0.076A.V  v-  0.086A7 

Least  significant  bit  resolutions  of  the  raw  (130  llzi  1 2  bit 
records  are  about  1.3  x  10  4  C  in  temperature  and  1.5 
x.  |0-5  S  m  1  in  conductivity  for  the  NBIS  cell:  however, 
typical  rms  noises  are  about  4  x  It)  4  C  and  I  x  III  4  S 
m  '.  based  on  measurements  in  the  quietest  homogeneous 
layers.  Layer-averaged  salinities  are  estimated  by  locating 
each  layer  from  the  temperature  profile  and  then  determining 
the  average  temperature  and  conductivity  of  the  layer  F"or  a 
typical  layer  thickness  of  0(1 1  m  this  procedure  reduces  the 
noise  levels  in  T  and  C'  to  about  4  >  10  ‘  ('  and  1x10  S 
lit  respectively.  The  corresponding  noise  in  the  salinity  esti¬ 
mate  is  then  about  2  x  It)  4  psu.  although  if  a  layer  is  suf¬ 
ficiently  thin  (fewer  raw  estimates),  this  noise  level  may  he 
substantially  higher.  For  sheets  across  which  the  salinity  dif¬ 
ference  is  small,  ihe  noise  may  be  sufficient  to  indicate  an 
apparent  instability  in  the  density  profile  where  none  actually 
exists.  Because  the  heat  llux  is  expected  to  be  substantially 
higher  through  sheets  which  are  only  marginally  stable  than 
through  those  which  are  very  stable,  based  on  laboratory 
measurements,  this  noise  in  the  estimate  of  the  salinity  differ¬ 
ence  limits  the  accuracy  of  our  heat  tlux  estimates 

Velocity  nucrostructure  was  measured  with  two  1  ndersea 
lechiiology  airfoil  shear  sensors  mounted  orthogonally  on  the 
nose  assembly  Fstimates  of  the  turbulent  kinetic  energy  dissi¬ 
pation  rate  were  made  for  approximately  0.5-m  depth  inter¬ 
vals  by  integrating  the  shear  spectrum  in  the  wave  number 
range  of  2  20  cpm 

3  Oxikviivv  ui  mi  /-.S' Stips 
I  ypical  profiles  of  7.  .S'.  and  a,  are  shown  in  Figure  2a.  An 
isothermal  layer  near  the  freezing  point  is  present  from  the  ice 
base  to  about  30  m  From  30  m  to  the  local  temperature 
minimum  near  2(H)  m.  the  water  properties  are  attributable  to 
both  influx  through  the  Bering  Strait  and  shelf  modification  of 
existing  subsurface  Arctic  w  ater  |  Coachman  ami  Ant/aard. 
I974j  The  frequent  occurrence  of  salinity-stabilized  temper¬ 
ature  inversions  in  this  depth  range  reflects  the  variability 
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fig.  -  tiO  Representative  profiles  of  temperature,  salinity,  anil 
sigma-r  taken  on  April  *1.  1485.  |6|  Buoyancy  frequency  .V  and  den¬ 
sity  ratio  K ...  averaged  over  10  m.  for  the  same  profile. 


these  sources.  Below  200  m.  both  T  and  S  increase  monotoni- 
cally  with  depth,  a  necessary  condition  for  the  diffusive  insta¬ 
bility  Of  particular  interest  in  the  present  study  is  the  region 
between  3<X)  and  450  m.  shown  magnified  in  Figure  .3.  which  is 
the  approximate  depth  range  for  the  diffusive  staircase.  The 
homogeneous  layers  are  of  0(11  m  vertical  extent,  while  the 
high-gradient  sheets  arc  typically  several  centimeters  thick. 
Above  about  320  m  the  temperature  profile  becomes  less  regu¬ 
lar  over  several  layer  heights,  until  no  steppiness  remains 
above  about  2X0  m  Below  430  m.  to  the  maximum  profiled 
depth  of  465  m.  thicker  sheets  and  less  homogeneous  layers 
arc  found 

The  large-scale  density  profile  is  statically  stable  because  the 
contribution  of  salinity  to  the  change  in  density  with  increas¬ 
ing  depth  (decreasing  z)  exceeds  that  due  to  the  destabilizing 
temperature  gradient,  i.c.  />,  —  p0(*T.  -  fiS.)  >  0.  or  equiva¬ 
lently.  R(,  -  /IS.  xT.  >  1.  where  R(,  is  called  the  density  (or 
stability  I  ratio.  At  temperatures  near  0  C  and  typical  salinities 
the  thermal  expansion  coefficient  x  ( =  f>  ‘rpcT)  is  ap¬ 
proximately  6  x  10  '  K  '.  while  the  contraction  coefficient 
for  salinity.  /(  l=/>  'lyi  fSI.  is  about  7.8  x  10  4  (psu)  The 
large-scale  density  ratio  </?„>  and  buoyancy  frequency  </V>. 
where  angle  brackets  denote  an  average  over  10  m,  are  shown 
for  the  entire  profle  depth  in  F  igure  2b.  With  decreasing  depth 
'  hove  the  staircase.  <  Rr )  increases  rapidly  to  about  30  just 
below  the  subsurface  temperature  minimum  near  200  m. 


Initially,  each  profile  was  analyzed  to  locate  isothermal 
layers,  defined  as  regions  with  less  than  O.OO)  C  difference  in 
temperature  between  averages  over  about  0.1  m  (16  raw  sam¬ 
ples!.  It  follows  that  an  interface  between  layers  is  defined 
when  a  temperature  gradient  greater  than  0.01  C  m  1  is 
found  in  the  (inite-diflerenced  gradient  trace.  Average  depth  D. 
temperature  T.  salinity  S.  and  height  //  are  determined  for 
each  layer.  H  is  defined  as  the  distance  between  the  midpoints 
of  the  adjacent  interfaces;  however,  salinity  is  determined  from 
averages  of  temperature  and  conductivity  in  the  isothermal 
region  only.  Layer  averages  then  define  the  temperature  and 
salinity  differences  AT  and  AS  across  the  density  interfaces 
and  consequently  the  density  ratio  R(I  for  each  interface. 

Mean  values  of  II.  AT.  AS.  and  Rp  are  listed  in  Table  I  for 
10-m  depth  intervals  from  300  to  430  m.  The  standard  devi¬ 
ation  for  each  variable  is  given  in  parentheses.  Figure  4  shows 
the  distribution  of  each  parameter  for  the  depth  interval  360 
370  m.  in  the  middle  of  the  staircase.  Similar  variability  is 
found  at  all  depths  and  in  the  observations  of  Keshvha  el  al 
[1971], 

The  mean  values  from  Table  1  are  shown  also  in  Figure  5 
(the  mean  heat  flux,  discussed  in  section  4.  is  also  shown).  <H> 
increases  from  about  I  m  to  greater  than  2  m  with  increasing 
depth,  while  <A7‘>  and  <AS>  both  decrease.  A  small  variation 
only,  from  3.9  to  about  5.X.  is  apparent  in  i.e..  the 

large-scale  temperature  and  salinity  gradients  are  closely  cou¬ 
pled.  However,  a  joint  probability  distribution  of  A7'  against 
AS  (Figure  6)  shows  that  the  density  ratios  for  individual  steps 
are  more  variable,  ranging  from  near  unity  to  about  10. 
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T'ABIT  l  Means.  W 1 1 h  Nl.n'.il.m!  Deviations  in  Parentheses,  of 
Temperature  Difference  AT.  Salinity  Difference  AS.  Density  Ratio 
R) i.  ami  l  aver  Height  II.  for  10-m  Depth  Intervals  f  rom  TOO  to  4.10 
nt  in  the  Beaufvvrt  Sea  Diffusive  Staircase  ( AIWl-'X.  April  21  22.  19X51 


Depth 

Runue. 

m 

No  of 
Steps 

AT, 

10  ‘  C 

AS, 

10" 3  psu 

Rf 

//,  m 

500  510 

7XX 

13 1  i5.n 

4.9(1  5) 

60  (.3  4) 

12  (0.44) 

31U  320 

656 

1 2.8  (3.51 

4.8  1 1.1) 

5  1  (2.91 

1.5  (0.411 

320  330 

753 

1 14  (3.61 

3.5(1  3) 

4.1  (2.11 

1.3  (0.41 1 

330  340 

602 

11.3  (3  51 

3  4  (1.21 

3  K  (I  S) 

1.4  (0.41) 

340  350 

638 

9.2  11.91 

3.0  (III 

3.4(22) 

15  (0  50) 

550  560 

432 

9.X  (2  1) 

3.6  ( 1  0) 

4.2(1.71 

2.0  (0.711 

360  370 

429 

9,7  (2  91 

3  4(11) 

4.1  (1.9| 

2.0  (0.74) 

370  3X0 

451 

7.X  (1.6) 

2.7  (O  X) 

39(14) 

2.1  (0.76) 

380  300 

306 

X.3  (2  41 

2.X  (0.8 1 

4  1  (1.4) 

3.0  (0.86) 

300  4(H) 

427 

4.6  ( 1 .01 

2.1  (0.8) 

5.2  (2.2) 

2.2  (0.86) 

400  410 

353 

4.8  (1.4) 

(  X  (0  9) 

4.6  (3.8) 

2.4  (0.87) 

410  420 

368 

4  l  (1.2) 

1.6  (0  9) 

4  3  (2.71 

2.2  (1  26) 

420  430 

320 

3.5  (0.41 

16  (0.X) 

5.6  (3.3) 

2  .3  (1.061 

In  Table  2  the  mean  characteristics  of  the  staircase  are  com¬ 
pared  with  those  described  by  \eshyha  ft  til.  f  1971  ]  Although 
the  data  were  collected  in  regions  with  similar  large-scale 
averages  .. \N  and  -,R,  \  the  mean  temperature  difference 
..SI  '  and  layer  height  •  //  are  much  smaller  in  the  present 
experiment. 

A  given  isothermal  layer,  identified  by  its  temperature,  can 
typically  be  tracked  for  several  hours  or  more,  provided  the 
spacing  between  consecutive  profiles  is  no  greater  than  about 
I  hour  During  this  time  the  temperature  of  the  layer  may 
vary  slowly,  typically  less  than  3  *  10  C  h  Assuming  a 
mean  tin w  relative  to  the  ice  of  0.01  m  s  '  and  no  temporal 
variability,  the  horizontal  extent  l.h  of  layers  varies  from  only 
vine  profile,  t.e..  less  than  7  m  for  some  very  thin  layers,  up  to 
ihe  entire  series,  or  at  least  600  m.  A  typical  aspect  ratio  l.h  H 
for  a  layer  is  therefore  at  least  ()[  10  1 001. 

Root-mean-square  vertical  displacements  for  sheets  are  only 
(hi  I  m  Ihe  average  sampling  interval  of  12  tnin  is  smaller 
than  Ihe  buoyancy  period  2n  V \  about  40  min;  therefore  we 
expect  that  most  of  the  variance  of  isopycnal  displacements 
has  been  captured.  With  so  little  internal  wave  energy,  the 
likelihood  of  shear-induced  instabilities  on  a  large  scale  is 
small  This  does  not  preclude  the  possibility  that  high  fre¬ 
quency  internal  waves  trapped  within  the  interfacial  sheets 
may  at  times  be  responsible  for  shear  instabilities  in.  and  sub¬ 
sequent  enhanced  buoyancy  flux  through,  the  sheets  A  buoy¬ 
ancy  period  based  on  the  density  gradient  within  the  sheets 
only  is  typically  5-10  min  and  will  not  be  resolved  in  the 
present  data  set. 

Measurements  by  airfoil  probes  of  the  microscale  velocity 
shears  it.  and  r.  were  used  to  determine  the  kinetic  energy 
dissipation  rate  t:  averaged  over  0.5-m  depth  intervals.  Across 
the  diffusive  intcrfaecs.  i:  never  exceeds  the  StiUinyer  ft  at. 
[19X3]  criterion  for  diapycnal  mixing,  r  -  24.5v/V2,  where  v  is 
the  kinematic  viscosity  (about  I  X  x  10  *  m2  s  1  in  the 
Arctic)  and  is  frequently  at  the  noise  floor  of  about  10  ’  W 
m  '  (10  10  m2  s  ').  Accurate  determination  of  the  absolute 
shear  across  each  interface  is  precluded  by  the  sensitivity  of 
the  airfoil  probes  to  rapid  changes  in  temperature 

4.  Thermodynamics  or  Dieei'sive  Staircases 

The  diffusive  instability  is  discussed  by  Turner  [1973],  and 
a  summary  of  recent  laboratory  studies  is  given  by  Newell 


\  19X4  |.  Kfllf  i  |  19X4.  19S()|  provides  a  precis  of  geophysical 
observations  ol  diffusive  staircases  A  significant  parameter  is 
double  diffusion  is  the  density  ratio  Rp  -  fl.\S  y.\l .  now  de¬ 
fined  in  terms  of  the  salinity  and  temperature  differences  at  the 
interface.  AN'  and  A/,  respectively  Again,  static  stability  re¬ 
quires  thal  X,  >  I  A  second  parameter  which  is  valuable  in 
understanding  the  laboratory  observations  is  the  buoyancy 
flux  ratio  Rt  -  10 V  /f/-\  where  h\  (kg  m  :  s  'i  and  I  H 

<W  m  2)  are  the  fluxes  of  salt  and  heat,  respectively  At  low 
values  of  Rp  (<2).  where  the  change  in  salinity  across  a  step 
just  compensates  for  the  unstable  temperature  difference,  den¬ 
sity  changes  associated  with  the  fluxes  of  both  salt  and  heat 
are  comparable.  At  medium  Rp  (2  <  Rp  <  7).  Rt  is  approxi¬ 
mately  constant  for  a  fixed  heat  flux  but  decreases  as  the  heat 
flux  through  the  interface  increases  [Marmorint i  and  Caldwell. 
1976],  (The  estimated  flux  through  the  AIWfEX  sheets,  about 
0. 1  W  m  2  (2  4  x  10  h  cal  cm  2  s  ').  is  two  orders  of  mag¬ 
nitude  below  the  smallest  heat  flux  used  by  Marmorino  and 
Caldwell)  At  higher  Rp.  a  regime  first  studied  in  detail  by 
Sewell  [19X4],  Rf  rises  with  increasing  Rp. 

An  Rp -dependent  model  of  the  character  of  the  diffusive 
interface  has  been  developed  to  explain  these  observ  ations  and 
is  given  by  Sewell  [19X4],  At  low  Rp  the  interface  is  very  thin 
as  a  result  of  the  energetic  turbulence  of  the  adjacent  layers, 
and  direct  interaction  between  these  layers  occurs.  At  inter¬ 
mediate  Rp  the  bulk  of  the  transport  of  heat  and  salt  occurs  by 
diffusion  through  a  stable  interface  core  Because  of  the  high 
diffusivity  of  heat  relative  to  that  of  salt  Ir"  1  =  xv  s  100) 
the  mean  thermal  interface  thickness  <5 ,  is  greater  than  the 
salinity  interface  thickness  Ss  [ Marmorino  and  Caldwell.  1976], 
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Tig.  4.  Distributions  of  layer  height  II.  temperature  and  saliml; 
steps  S  T  and  AN.  and  density  ratio  Rp  ^  /(AS  xA  /  for  the  depth 
range  560  570  m  in  the  AIVVTX  diffusive  staircase 
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Fin  5  Averages  of  layer  height  II.  temperature  and  salinity  differences  AT'  and  AS  between  adjacent  layers,  density  I  .Ills' 
K  [IAS  j A  /  of  sheets,  and  mean  vertical  heat  flu  v  I  H  averaged  over  1 00  profiles  for  10-m  depth  ranges. 


although  the  ratio  (b7  rfs)  may  be  less  than  expected  front  pure 
diffusion,  r  1  -  Because  A,.  >  <\..  convective  instabilities  occur 
at  the  edges  of  the  interface  {f  igure  7).  The  interface  thickness 
is  controlled  either  by  entrainment  of  the  unstable,  or  only 
weakly  stratified,  interfacial  boundary  layers  by  eddies  in  the 
adjacent  layers,  or  by  buoyancy -driven  separation  of  the  un¬ 
stable  boundary  layers.  The  intermittency  of  this  process  is 
demonstrated  by  time  series  of  temperature  near  a  diffusive 
interface  [\f armor ino  ami  Caldwell.  1976],  At  high  R  .  Sewell 
[1984]  showed  that  the  interface  becomes  much  thicker,  fur¬ 
ther  inhibiting  the  diffusive  flux  of  both  heat  and  salt  The 
ratio  d,  c\  approaches  unity,  which  implies  that  R(  is  pro¬ 
portional  to  R 
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{  ig  6  Joint  probability  of  occurrence  of  xA  /  and  /{AN.  in  counts 
per  11)00  sheets,  for  bin  widths  of  3  *  10  *  and  5  -  10  respectively 
Sheets  bounded  by  at  least  one  layer  less  than  0  2  m  thick  have  been 
excluded  The  shaded  area  indicates  more  than  10  counts  per  bin 
I  ones  of  constant  density  ratio  R  are  shown 


To  estimate  the  vertical  heat  Ih.ix  through  the  AIWL:\  stair¬ 
case.  we  assume  that  the  laboratory-based  relationships  be¬ 
tween  heat  llux  I  „  and  R  and  AT  for  diffusive  interfaces  are 
valid  in  the  ocean.  Several  relationships  have  been  proposed 
(see  Sewell  [  I9S4]  for  a  summary);  however,  over  the  range  of 
R  ll  ^  R„  <  10)  observed  in  the  present  data,  the  function 
suggested  by  M  armor  ino  and  Caldwell  [1976]  appears  to  fit 
the  laboratory  data  most  accurately.  Uncertainties  in  the  den¬ 
sity  ratios  arising  from  measurement  limitations  on  AS  limit 
the  accuracy  of  this  technique:  however,  the  results  are  com¬ 
parable  to  the  fluxes  which  occur  through  the  high-gradient 
sheets  (see  below),  assuming  no  turbulent  mixing  occurs  at 
these  interfaces. 

The  nondimensional  heat  flux  from  Marmorino  and  Cald¬ 
well  [1976]  is 

(F„  T„,pl  =  0.101  exp  [4.6  exp  [ Q.5MR,,  -  1|]|  (ll 

I  <  R,  <  10 

where  r„>r  is  the  heat  flux  which  would  be  measured  if  the 
diffusive  interface  were  replaced  by  a  solid,  infinitely  conduc¬ 
ting.  nondcformablc  plane  surface  through  which  only  heat 
could  pass,  separating  the  same  two  homogeneous  layers.  FH>p 


TAHI.Ii  2.  Comparison  of  the  Arctic  Ocean  Diffusive  Staircase 
From  the  Present  Study  With  That  Found  by  Seshyha  el  at.  [1971] 


Present  Neshyba  el  al. 

Study  [1971] 


l  ocation  74  N.  145.5  W  84  N.  126  W 

Date  April  21  22.  1985  November  1969 

Staircase  depth  .100  450  m  200  5(81  m 

Mean  density  ratio  <Rp>  4.9  6.5 

Mean  buoyancy  frequency  <.V>  0.00.11  s  1  0.0047  s"’ 

Mean  layer  height  y/T  1.9  m  3.1  m 

Mean  temperature  step  <  AT  >  0.009  C  0022  C 
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I  i g  "  Profile*  of  /.  S.  and  e  f*'r  a  diffusive  interface  with  ihcr- 
mal  thickness  much  greater  than  salinity  thickness.  The  upper  layer 
temperature.  salinity.  and  density  are  Iu.  Su.  and  pu.  respectively.  The 
more  rapid  diffusion  of  heat  relative  to  salt  (k,  ks  ^  HK)|  creates  a 
convectively  unstable  boundary  layer  (shaded)  which  can  separate 
when  the  net  buoyancy  H  overcomes  viscous  forces,  or  be  more  easily 
entrained  by  the  turbulence  of  the  adjacent  layer.  The  dashed  line 
indicates  ihe  position  within  an  interface  of  total  temperature  step  AT 
and  salinity  step  \S  where  the  density  profile  first  becomes  unstab'e. 


is  given  by 

^  ,>  ,!•/*  *•*,>'  'A7  m  (-1 

The  constant  t  is  approximately  0.0X5  [Chandrasekhar. 

1  Oh  |  ].  while  m  is  usually  taken  as  4  [Turner.  1*)7J].  based  on 
dimensional  arguments,  although  there  is  some  observational 
evidence  tor  a  slightly  smaller  value  in  ’’salt-finger*'  interfaces 
f  \/i  Doinhill  anti  I  avittr.  !0,X4].  and  a  justification  by  Kelley 
[  10X6]  lor  an  exponent  closer  to  £  for  diffusive  interfaces. 

I  sing  tit  and  i2).  the  heat  flux  T„  was  estimated  for  each 
step  and  then  these  estimates  were  averaged  over  the  100 
profiles  in  10-ni  depth  intervals  Ihe  depth-dependent 
averaged  heat  tlux  /  „  is  shown  in  figure  X  (profile  a)  The 
error  bars  account  for  uncertainty  in  R  ,  due  to  possible  errors 
in  VS  across  each  sheet  (arising  from  digitization,  probe  con¬ 
tamination.  or  electronic  drift  in  the  temperature  and  conduc¬ 
tivity  sensors)  Ihe  maximum  indicated  he.it  flux  is  obtained 
by  assuming  that  the  true  value  of  A.S  is  always  2  ■>  10  4  psu 
smaller  than  the  measured  value,  with  the  proviso  that  R  t  >  ! 
Ihe  minimum  flux  is  obtained  by  assuming  that  A.S'  is  always 

2  *  10  4  psu  greater  than  measured,  re.  that  each  sheet  is 
more  stable  than  measured  These  errors  are  extremely  conser¬ 
vative.  since  the  sum  of  the  errors  in  \.S  over  more  than  one 
step  is  still  only  2  *  10  4  psu  That  is.  if  several  steps  arc  less 
stable  (lower  R(t)  than  measured,  others  must  be  more  stable 
to  preserve  the  small  sum  in  AS.  However,  the  errors  do  not 
simply  average  out  in  the  heat  flux  estimates  because  of  the 
nonlinearity  of  the  1/  „  T  ,Ur)  -  liRp)  relationship  at  low  R  t. 

The  heat  flux  based  on  I  he  depth- time-averaged  values 
Rt  -  (I  AS  ■  7-  A  I  and  AT  -  is  also  shown  in  Figure  X 
(profile  hi  This  is  the  flux  profile  which  would  be  obtained  by 
treating  the  staircase  as  a  series  of  uniform  sheets  and  layers. 


where  R  ,  and  A  /  are  slowly  varying  functions  ol  r  only 
for  comparison,  the  molecular  heal  flux  through  a  fluid  with 
the  same  temperature  gradient  as  the  large-scale  gradient 
(averaged  over  10  ml  is  also  indicated  (profile  cl.  Heat  fluxes 
estimated  by  the  first  method  (profile  a)  exceed  the  fluxes  de¬ 
termined  by  the  second  method  (profile  bi  by  about  a  factor  of 
2  1  he  discrepancy  between  the  two  methods  is  most  pro¬ 

nounced  below  300  m.  where  the  probability  of  sheets  with 
low  R  and  A/  occurring  is  greater  than  at  shallower  depth' 
Ihe  effect  on  the  heat  flux  of  errors  in  the  A.S  estimates  is 
therefore  larger  at  this  depth,  although,  as  the  error  bars  on 
profile  a  indicate,  it  is  still  not  possible  to  reconcile  both  esti¬ 
mates 

I  he  effectiveness  of  the  laboratory  flux  laws  in  this  staircase 
can  be  judged  by  comparing  the  heat  fluxes  determined  above 
with  the  molecular  transport  through  the  high-gradient  sheets 
If  the  core  regions  of  the  double-diffusive  interfaces  arc  always 
laminar,  then  the  heal  flux  can  be  estimated  from  /  „ 

(H  rK  ,7.  The  method  provides  a  lower  limit  only.  s;ncc  the 
thermistor  can  resolve  only  to  about  0.04  m  .it  the  normal 
drop  speed.  Analysis  of  several  slower  drops,  however,  and 
also  analysis  of  those  drops  where  the  PMF  font -electrode 
microconductiuly  sensor  was  in  use.  suggests  that  the  thick 
ness  of  the  interfaces  is  seldom  less  than  0.03  m  and  is  tv  pi 
cally  0.05  0.1  m.  A  potentially  significant  error  m  estimated 
heat  flux  arises  if  the  assumption  of  laminar  interlace  cotes  i" 


440  L 


I  ig  X  Average  vertical  heat  llu\  estimates  tiom  equations  i  I  i  and 
(2i  applied  to  each  sheet,  i  e  .  I  „  1 1  \  I  R  i  ipodile  a  l.  equations 

1  I )  and  [2\  applied  to  the  mean  tempera  lute  step  ami  density  ratio,  i  e 
f  l(  n  \7  .  R  )  (profile  hi.  and  molecular  flux  through  the  large 
s*.a!e  (K»  m  averaged)  lempeialure  gradient  iprolile  >.  i  Angle  brackets 
denote  a*  average  over  |00  profiles  ami  10  m  m  depth  Source  •  (* 
errors  m  profile  a  are  described  in  the  text 
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violated.  Since  this  is  the  essence  of  interpretations  of  elevated 
heat  fluxes  at  low  density  ratios  [  Turner.  1968:  lluppert. 
1971],  it  must  be  considered.  However,  using  a  typical  step 
size  of  0.01  C  and  sheet  thicknesses  of  0.03  0.1  m.  the  molecu¬ 
lar  heat  flux  thiough  the  sheets  is  approximately  0.05  <  < 

0.2  W  m  in  good  agreement  with  the  (luxes  calculated  from 
the  Marmorino  and  Caldwell  model. 

5.  Discussion  and  Conclusions 
The  present  diffusive  staircase  data  set  can  be  compared  to 
that  which  Kelley  [1984]  collated  from  diverse  sources. 
Kelley's  analysis  suggested  that  a  scaling  length  of  //..  = 
(a,  < ,V > > 1  ;  collapses  layer  thicknesses  as  a  function  of  the 
density  ratio  R  .  based  on  an  empirical  relationship  between 
R(1  and  the  layer  Rayleigh  number  Ru.  However,  these  data 
are  unevenly  distributed  in  R  and  can  effectively  be  divided 
into  just  tux'  subclasses.  1.3  <  R  <  2.5  and  6.1  <  R<t  <  7.7. 
Figure  9.  adapted  from  Kelley  [1984],  shows  the  dependence 
of  sailed  layer  height  G*  on  R;,.  Note  that  O'*  in  Figure  9  is 
simply  Kelley's  G  (  =  H  H„)  divided  by  /’r1  4  =  (v  at)‘ 4  to 
remove  the  Prandtl  number  dependence  suggested  by  his 
equation  9 h  (Rr  varies  only  by  a  factor  of  2  in  Kelley's  data 
set.  and  hence  the  impact  of  this  change  in  scaling  is  negligi¬ 
ble).  The  exact  form  of  the  relationship  between  layer  height 
and  R,.  however,  may  be  much  more  complex.  We  have  al¬ 
ready  seen  (section  41  that  the  interface  has  different  character¬ 
istics  in  different  ranges  of  R(,.  It  is  probable  that  the  charac¬ 
teristics  of  the  convective  layers  are  also  R(, -dependent.  with  a 
cellular  structure  [ Kelley .  1986]  only  when  the  heat  dux  if 
sufficiently  high.  eg.,  large  Al  or  small  Ri:.  while  when  the 
heat  tlux  is  low.  convection  may  consist  of  essentially  nonin¬ 
teracting  buoyant  plumes  separating  intermittently  from  the 
diffusive  interface. 
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I  ig.  9.  Comparison  of  AIWFX  step  eharaclenslics  with  previous 
observations  and  the  function  (3*  -  /(R(,l  proposed  by  Kelley  (  19841 
(f*  is  a  scaled  layer  height  II  ((a,  .V)1  7nl  4|.  Other  Arctic  data  are 
circled. 


I  he  AIWI-X  data,  with  a  depth-dependent  mean  density 
ratio  sR,,)  of  3.9  5.7.  are  also  shown  in  Figure  9,  using  the 
mean  layer  height  (II)  and  <  R(l  •  averaged  over  10-m  depth 
intervals  and  100  profiles.  However,  the  observed  step  sizes 
are  by  no  means  uniform  in  any  depth  range  (see  figure  4  and 
Table  1).  We  have  shown  in  section  4  that  the  nonuniformity 
of  step  characteristics  results  in  mean  heat  fluxes  which  are 
0(2)  times  greater  than  would  be  obtained  from  the  mean  step 
parameters  < R (J>  and  (AT):  hence  an  effective  model  of 
oceanic  staircases  must  consider  instead  the  distributions  of 
R(,  and  AT. 

Why  is  the  observed  staircase  so  irregular?  Note  that  al¬ 
though  the  heat  flux  in  the  Canada  Basin  staircase  is  0(10) 
times  greater  than  the  molecular  flux  in  a  uniformly  stratified 
fluid  with  the  same  large-scale  temperature  gradient,  it  is  still 
a  very  small  value  relative  to  other  heat  fluxes  in  the  ocean, 
such  as  at  the  air-sea  interface  or  where  shear-induced  mixing 
occurs.  As  a  result,  if  the  staircase  is  perturbed  in  any  way.  the 
time  taken  for  double  diffusion  to  erase  that  perturbation  is 
extremely  long.  An  evolution  time  scale  for  a  staircase  can  be 
estimated  from  the  ratio  of  the  heat  content  difference  between 
layers,  AF„  ^  ,<c  (AT)(II),  and  the  difference  in  heat  flux 
between  two  consecutive  sheets.  Assuming  a  heat  flux  diver¬ 
gence  AT H  across  a  typical  layer  of  about  0.02  W  m  '.  a  time¬ 
scale  of  0(1)  month  is  obtained.  This  suggests  that  pertur¬ 
bations  (e.g..  intrusions  or  shear  instabilities)  to  the  staircase 
at  any  time  in  the  last  several  months  could  have  contributed 
to  the  observed  staircase  characteristics.  Following  the  same 
argument  used  by  Schmitt  [1981]  to  account  for  the  constant 
Rt,  sections  of  oceanic  T-S  curves  in  the  salt-fingering  regime, 
we  expect  that  in  the  absence  of  further  perturbations  the 
profile  will  slowly  evolve  to  a  more  uniform  form  (reduced 
variability  in  the  distributions  of  R(J.  AT.  and  HI  by  local 
convergence\divergence  of  the  heat  and  salt  fluxes  in  the 
irregular  staircase.  It  is  possible,  however,  that  in  the  C  anada 
Basin,  with  low  diffusive  fluxes,  the  staircase  is  never  able  to 
attain  equilibrium  We  should  therefore  be  surprised  neither 
by  the  nonuniformity  of  the  observed  staircase  nor  by  the  lack 
of  agreement  between  our  observations  and  models  in  which 
only  the  diffusive  instability  contributes  to  the  evolution  of  the 
temperature  and  salinity  profiles. 

At  present,  we  can  only  speculate  as  to  why  Ihcrmohalme 
sheets  and  layers  gradually  disappear  above  and  below  the 
staircase.  Marmorino  and  Caldwell  [1976]  and  Sewell  [1984] 
found  from  laboratory  experiments  that  thicker  interfaces  oc¬ 
curred  at  higher  density  ratios,  presumably  because  the  turbu¬ 
lent  energy  of  the  convecting  layers  is  reduced  relative  to  the 
static  stability  of  the  interface  core  at  higher  R(l  (the  former  is 
dependent  upon  xAT,  while  the  latter  is  dominated  by  ft  AS). 
Broader  steps  are  found  intermittently  in  the  present  data  set 
up  to  about  250  m.  where  the  large-scale  density  ratio  is  about 
15  (Figure  26).  and  below  430  m.  and  also  by  Mellini/  et  al 
[1984],  Above  250  m.  R  increases  further  to  a  maximum  of 
about  30  just  below  the  subsurface  temperature  minimum 
near  200  m.  and  no  steps  are  found  in  this  depth  range.  If  we 
assume  that  the  steps  are  initially  created  by  the  vertical  heat 
flux  from  below  into  an  initially  smooth  stratification,  it  is 
possible  that  staircase  growth  has  not  continued  for  suf¬ 
ficiently  long  for  steps  to  form  in  this  region.  If.  on  the  other 
hand,  steps  result  from  the  modification  of  vertically  limited 
perturbations  in  the  density  profile  by  diffusive  instabilities, 
then  perhaps  at  sufficiently  high  Rr  this  mechanism  is  ineffee- 
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live  because  of  the  dominance  of  static  stability  relative  to  the 
convectively  driven  velocity  fluctuations. 

The  vertical  heat  flux  calculated  in  section  4  is  two  orders  of 
magnitude  smaller  than  the  basin-averaged  estimate  of  heat 
loss  from  the  Atlantic  layer  [Aagaard  and  Oreismatu  1975  ]  of  7 
W  m  2.  Within  the  constraints  imposed  by  the  large-scale 
values  of  buoyancy  frequency  \N >  and  density  ratio  </?  > 
between  the  Atlantic  layer  and  the  subsurface  Arctic  water,  it 
is  implausible  that  diffusive  interfaces  could  transport  this  heat 
flux  (for  Rp  —  5  a  step  with  AT  =  0  6  C  would  be  required). 
Enhanced  heat  flux  through  the  sheets  by  turbulent  mixing  is 
not  observed  in  the  profiles  of  turbulent  kinetic  energy  dissi¬ 
pation.  Direct  contact  with  the  air  by  upwelling.  either  at  the 
coast  or  by  surface  layer  divergences  (Eknian  pumping),  is  also 
unlikely  because  of  the  lar  *e  density  difference  between  the 
Arctic  surface  waters  and  the  Atlantic  water.  The  hypothesis 
of  Sidling  ct  al.  [1984],  that  the  heat  flux  from  the  Atlantic 
layer  is  dominated  by  benthic  stirring  where  the  layer  inter¬ 
sects  the  continental  shelf  and  slope,  appears  to  best  explain 
the  basnvaveraged  heat  flux 
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